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Abstract 
Driven by many factors, the water supply services (streamflow and groundwater) of many rivers 
in the dryland area of China have declined significantly. This aggravates the inherent severe 
water shortages and results in increased severity in the water use conflicts that are threatening 
sustainable development in the region. Innovative strategies towards more water-efficient land 
management are vital for enhancing water quantity to ensure water supply security. A key step 
in the successful development and implementation of such measures is to understand the 
response of hydrological processes and related services to changes in land management and 
climate. To this end, it was decided to investigate these processes and responses in the upper 
reaches of the Jing River (Jinghe), an important meso-scale watershed in the middle reaches of 
the Yellow River on the Loess Plateau (NW China). 
It has been shown that vegetation restoration efforts (planting trees and grass) are effective in 
controlling soil erosion on the Loess Plateau. Shifts in land cover/use lead to modifications of 
soil physical properties. Yet, it remains unclear if the hydraulic properties have also been 
improved by vegetation restoration. A better understanding of how vegetation restoration alters 
soil structure and related soil hydraulic properties, such as water conductivity and soil water 
storage capacity, is necessary. Three adjacent sites, with comparable soil texture, soil type, and 
topography but contrasting land cover (Black locust forest, grassland, and cropland), were 
investigated in a small catchment in the upstream Jinghe watershed (near Jingchuan, Gansu 
province). Seasonal variations of soil hydraulic properties in topsoil and subsoil were examined. 
Results revealed that the type of land use had a significant impact on field-saturated, near-
saturated hydraulic conductivity, and soil water characteristics. Specifically, conversion from 
cropland to grass or forests promotes infiltration capacity as a result of increased saturated 
hydraulic conductivity, air capacity, and macroporosity. Moreover, conversion from cropland 
to forest tends to promote the formation of mesopores that increase soil water storage capacity. 
Tillage in cropland temporarily created well-structured topsoil, but also compacted subsoil, as 
indicated by low subsoil saturated hydraulic conductivity, air capacity, and plant available 
water capacity. An impact of land cover conversion on unsaturated hydraulic conductivities 
was not identified, indicating that changes in land cover do not affect functional meso- and 
microporosity. Changes in soil hydraulic properties and associated hydrological processes and 
services due to soil conservation efforts need to be considered, should soil conservation 
measures be implemented in water-limited regions for sustaining adequate water supply. 
To differentiate between the impacts of land management and climate change on streamflow, 
the variation of annual streamflow, precipitation, potential evapotranspiration, and climatic 
water balance in a small catchment of the upstream Jinghe watershed (near Pingliang, Gansu 
province) was examined during the period of 1955 – 2004. During this time the relative 
contributions of changes in land management and climate to the reduction of streamflow were 
estimated. A statistically significant decreasing trend of -1.14 mm y-1 in annual streamflow was 
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detected. Furthermore, an abrupt streamflow reduction due to afforestation and construction of 
terraces and check-dams was identified around 1980. Remarkably, 74% of the total reduction 
in mean annual streamflow can be attributed to the soil conservation measures. Among various 
conservation measures, streamflow could be considerably reduced by afforestation and 
terracing (including damland creation), due to their low contribution to water yield. In contrast, 
slope farmland and grassland can maintain a certain level of water supply services due to higher 
runoff coefficients. According to a meta-analysis of the published studies on the Loess Plateau, 
the impact of changes in land management on annual streamflow appears to diminish with 
increasing catchment size while the impact of climate change appears uniform across space. 
This means that there is a dependency between the catchment size and the response of 
hydrological processes to environmental change. At least at the local scale, it appears that well-
considered land management may help to ensure the water supply services. 
Due to limited surface water availability, groundwater is an essential water source for 
supporting ecosystem and socio-economic development in the dryland region. However, the 
groundwater process is susceptible and vulnerable to changes in climate and landscape (i.e., 
land cover and form) that in turn can result in profound adverse consequences on water supply 
services in water-limited regions. In addition, an improved understanding of the response of 
groundwater related processes to natural and artificial disturbances is likely to ensure more 
secure and more sustainable governance and management of such regions, as well as better 
options for adapting to climate change. Yet, this topic has seldom been researched, especially 
in areas that have already experienced large-scale alteration in landscape and are located in 
dryland regions, such as the Loess Plateau. Therefore, an investigation of the baseflow variation 
along the landscape change was conducted. The average annual baseflow has significantly 
decreased at catchment scale during the period of 1962 – 2002 without any obvious significant 
change in climate. At decadal scale, the reduction accounts for approximately 9% in the 1970s, 
48% in the 1980s, and 92% in the 1990s, while the baseflow index declines averaging 5%, 16% 
and 67%, respectively. All of the monthly baseflow levels dropped at varying rates except in 
January, among which July was the most severe in terms of both magnitude (-4.17) and slope 
(-0.09 mm y-1). In perspective of landscape change, landform change (terrace and check-dam) 
tends to reduce baseflow by reallocation of surface fluxes and retention for crop growth causing 
limited deep drainage in other areas. Land cover change (i.e., afforestation) reduced the 
baseflow to a larger extent by enhanced evapotranspiration and thus hampered deep drainage 
as suggested by the soil moisture measurement underneath. The study indicates that knowledge 
about baseflow formation on catchment scale needs further improvement. Integrated soil 
conservation and water management for optimizing landscape structure and function in order 
to balance soil (erosion) and water (supply) related hydrological ecosystem services is vital. 
The governing processes to the changes of water-supply-services-related hydrological process 
(e.g., streamflow) are assumed to be different across space. To this end, the factors controlling 
streamflow were investigated on both a small and large scale. Streamflow in small catchments 
was found to be mainly controlled by precipitation and land cover type. On a larger scale, 
evaporative demand was found to be another additional major driving force. Hydrological 
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modeling is a frequently used tool for the assessment of impacts of land use and climate change 
on water balance and water fluxes. However, application of the Soil and Water Assessment 
Tool (SWAT) model in the upstream Jinghe watershed was unsuccessful due to difficulties in 
calibration. The inability of the SWAT model to take the influence of terraces on steep slopes 
into consideration and the method how to calculate lateral flow were the main reasons for 
unsatisfactory calibration, at least for the current version of SWAT used in this study. 
Alternatively, Budyko’s frameworks were applied to predict the annual and long-term 
streamflow. However, the effect of changes in land management (e.g., afforestation) on 
streamflow could not be assessed due to a lack of vegetation factors. Therefore, an empirical 
analysis tool was derived based on an existing relationship for estimation. This method was 
found to be the most effective in reproducing the annual and long-term streamflow. The 
incorporation of temporal changes in land cover and form in the approach enables the estimation 
of the possible impact of soil conservation measures (e.g., afforestation or terracing). The 
importance of adaptive land management strategies for mitigating water shortage and securing 
the water supply services on the Loess Plateau was highlighted. 
A cross-sectoral view of the multiple services offered by managed ecosystems at different 
spatial scales under changing environments needs to be integrated to improve adaptive land 
management policy. In a water limited environment, such as the Loess Plateau, multiple 
ecosystem services including hydrological services need to be balanced with minimum trade-
offs. This can only be achieved when management is based on a holistic understanding of the 
interdependencies among various ecosystem services and how they might change under 
alternative land management.
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Chapter 1 
Introduction 
1.1. Background and Motivation 
Dryland occupies 41% of global territory and supports 1/3 of the world’s population (2 billions), 
according to the Millennium Ecosystem Assessment (2005). The livelihood and socio-
economic development of the people living in dryland areas depend significantly on the 
ecosystem health and services. Ecosystems supply diverse services for humanity including the 
provision of food, water, and materials (Costanza et al., 1998; Metzger et al., 2006). Yet, the 
capacity of ecosystems to provide services for humankind and other species can be substantially 
constrained by changes in the environment, including climate and human-induced land use 
change (Lerner and Harris, 2009; Metzger et al., 2006; Stonestrom et al., 2009). On a global 
scale, removal of natural forest and grassland for expanding agricultural land is the most 
widespread land change process with recondite hydrologic impacts (Foley et al., 2005; Scanlon 
et al., 2007). The doubling of grain production in the past half century was largely attributed to 
irrigation and associated land use practices including, among other things, application of 
chemical fertilizers, pesticides and tillage (Foley et al., 2005; Scanlon et al., 2007). This in turn 
causes degradation of hydrological ecosystem services such as reduction in river discharge 
(Chen et al., 2003; Kendy and Bredehoeft, 2006), decline in groundwater levels (Scanlon et al., 
2005; Zhang et al., 2004b) and degradation in water quality (Brammer and Ravenscroft, 2009; 
Chen et al., 2005; Hamilton and Helsel, 1995) in many regions. In addition, the accelerating 
global climate change and rapid population growth put further strains on this adverse situation 
(Koohafkan and Stewart, 2008). As a consequence, water demand and supply, as well as water 
security issues become increasingly prominent, notably in areas with limited water resources. 
The dryland ecosystem is extremely fragile and has major global environmental problems, for 
example, land degradation. FAO (2011) estimated that the health and livelihoods of 1.5 billion 
people are affected by land degradation. Land degradation results from diverse factors, 
including human activities and climate variation, as defined by the United Nations Convention 
to Combat Desertification (UNCCD). With regard to human-induced land degradation, over-
cultivation, overgrazing and deforestation are the most immediate triggers (UNCCD, 2011). 
They cause soil to lose fertility (organic and nutrient matters) and reduce vegetation covers, 
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which make soil vulnerable to erosion (water and wind) and finally reduce its biological and 
economic productivity (Evans and Geerken, 2004; Hassan et al., 2005). In addition to human 
activity, climate accelerates the land degradation mainly by extreme events, such as drought 
and flood. The precipitation in dryland is insufficient and typically varies over time and space, 
sometimes drastically. Drought alters soil by increasing fracture, crust formation, and 
deteriorating soil structure and aggregation (Al-Kaisi et al., 2013), which weakens soil 
resistance to strong wind and increases occurrence of dust and sand storms. Floods remove 
fertile surface soil, reduces water quality and produces sediment in rivers and lakes. As extreme 
events such as these increase in frequency and severity due to climate change (Easterling et al., 
2000; IPCC, 2012), the degradation of dryland environments is expected to be aggregated in 
future (UNCCD, 2011). Given this situation, it is both necessary and crucial that environmental 
sustainability and the supply of ecosystem services are ensured through strategies to restore 
degraded land in dryland areas.  
Vegetation restoration (e.g., afforestation/reforestation) and engineering projects (e.g., water 
harvesting and irrigation) are often regarded as effective measures for improving degraded 
environments. These measures can be particularly successful in improving soil structure (Li 
and Shao, 2006), minimizing soil erosion (Zheng, 2006), enhancing crop productivity (Oweis 
and Hachum, 2006) and thus enlarging carbon sink capacity (Lal, 2000). Yet, water scarcity 
and droughts are serious constraints in dryland regions. Implementation of environmental 
restoration in such a region, without a comprehensive and systematic understanding of the 
possible adverse effects on hydrological ecosystem services, may cause severe problems. 
Management to enhance one ecosystem function (e.g., soil retention) can often reduce other 
services (e.g., intensify water shortage, endanger provision of water resources and food 
products) or even lead to disservices (Lal, 2013).  
As a country with a large dryland area, China has gone to great lengths to improve the overall 
quality of the environment over the last few decades. These endeavours include the 
implementation of the Natural Forest Protection Program (NFPP) and Grain for Green Program 
(GGP). The purposes of these programs are to restore and increase forest resources and improve 
fragile ecological circumstances through the plantation or conversion of farmland into forest or 
grassland on a slope > 25° due to low grain yield (Li, 2004; Uchida et al., 2005). According to 
the Chinese State Forestry Administration (2011), at the end of 2008, about 20.4% of the total 
land area in China was covered by forest. The coverage will be increased to 23.5% in 2020 and 
28.4% in 2050, whereas it will grow from 10.4% in 2000 to 14.8% in 2050 in the dry part of 
China (Wang et al., 2012d). In order to maintain adequate grain production despite GGP and 
land degradation, fundamental improved engineering techniques, such as the establishment of 
terrace and check-dam farmland, have been conducted in main agricultural areas (e.g., the Loess 
Plateau) on remaining slope farmland and valley bottom, to enhance crop production and offset 
the possible loss of yield due to limited and declining cultivated land (Chen et al., 2007b). All 
of these efforts have been very successful in reducing soil erosion (Zheng et al., 2002; Zhou et 
al., 2006) and maintaining food production (Liu, 1999; Xu et al., 2004). In contrast to the well-
studied beneficial impacts of vegetation restoration on soil stabilization and cultivated land 
Chapter 1 
Introduction  3 
 
conversion on agricultural productivity, the potential impacts of such large-scale modification 
of the characteristics of land surface and form on water related ecosystem services have 
received significantly less attention. 
Recently there has been an intensive debate about the reduction of water yield due to 
environment restoration (notably afforestation) in dryland regions of Northwest (NW) China 
(McVicar et al., 2007; Sun et al., 2006). The policy of forest restoration to combat soil erosion 
has been highly questioned inside and outside of China (Cao et al., 2010; Foley et al., 2005; 
Zomer et al., 2006). There is growing concern that inadequate restoration practices are likely 
to increase conflicts over water use, and as a result, harm the sustainable development of the 
region (Helming, 2009; Zhen et al., 2009). In addition, the prognosticated climate change 
further stimulate growing concerns with regard to water supply security due to accelerating 
competition for the limited remaining water resources (Li et al., 2012; Zhai et al., 2010). From 
the viewpoint of regional sustainable development, land-management policy should consider 
the overall ecosystem health and their services at different scales under changing environments, 
as well as the increase in demand for services from society. Therefore, it is pertinent that 
innovative, integrated adaptive strategies for managing water, vegetation and soil are sought 
after. Such strategies are essential to alleviate the already existing water crisis in NW China, 
and to formulate a more cause-effective based policy in environmental protection. Yet, the 
prerequisite for successful implementation of such an integrated management plan that ensures 
a certain level of hydrological ecosystem services in dryland regions is a systematic 
understanding of the hydrological response to environmental restoration measures and to 
possible climate change at different scales. 
1.2. Organization of the Thesis 
The dissertation consists of eight chapters. In Chapter 2, the state-of-the-art of water resources 
and hydrological processes related to hydrologic ecosystem services in dryland area is reviewed. 
Based on the review, the objectives and research questions of this thesis are proposed. 
Subsequently, the research area is introduced. In order to present the study in a systematic way, 
the research topics of Chapters 3 to 7 follow an order of study area scale, namely, stand scale, 
small-scale catchment, and meso-scale catchment. Specifically, the impact of land cover change 
on soil hydraulic properties is presented in Chapter 3; the content of this chapter mainly results 
from a journal article published by the author in the role of second author (Yu et al., 2015). In 
Chapter 4, the effects of changes in land management and climatic conditions on the long-term 
streamflow of a small catchment are analyzed, whereas the variation of baseflow is investigated 
in Chapter 5. The content of Chapter 4 is mainly obtained from a published work by Zhang et 
al. (2014). In Chapter 6, the application of a distributed hydrological model to predict river 
discharge of a meso-scale catchment is described. Drawing on the results of this hydrological 
model, an empirical analysis tool was developed based on an existing relationship for runoff 
estimation in Chapter 7. This chapter is based on a published article (Zhang et al., 2015). In the 
last chapter, conclusions are derived and implications and perspectives are outlined. 
 
 
Chapter 2 
Problem Definition 
2.1. State-of-the-art 
2.1.1 Hydrologic Ecosystem Services 
The hydrological services of an ecosystem comprise the benefits for humanity, which arise from 
the interactions of a terrestrial ecosystem with freshwater (Brauman et al., 2007). They can be 
categorized into different groups according to the interests and purposes of the user (Brauman 
et al., 2007; Postel and Thompson, 2005). Next to many other services, the provision of water 
for humans, agriculture, industry and many other uses is one of the most important hydrological 
services of an ecosystem. Water supply is a dynamic regional service and can be affected by a 
number of factors such as climate, geography, and ecosystem type (Brauman et al., 2007). The 
impact of human activity on hydrological services is most evident at the local and regional 
scales (Lü et al., 2012). For example, in Texas, removal of woody vegetation resulted in water 
saving at the small catchment scale, but such saving muted when observed at larger scales 
(Wilcox et al., 2006). In many cases, the impact of deforestation on sediment yield and peak 
flow is only measurable at the scale of a small catchments (Thomas and Megahan, 1998). 
Therefore, extrapolation of local or regional short-term effects of hydrological services to the 
large scale may be not feasible (Brauman et al., 2007). Issues of scale have received 
considerable attention in environmental topics in recent decades, including hydrology (Blöschl, 
2001; Blöschl and Sivapalan, 1995; Sposito, 2008). Yet, it is still unclear at what scale the 
ecosystems provide various services. 
The value of and need to protect ecosystem services have been under discussion for decades 
and great efforts were made in research (Daily et al., 2009). Yet, only recently have scientists 
started to pay attention to hydrological ecosystem services (Brauman et al., 2007; Postel and 
Thompson, 2005). One of the main reasons for this is that natural and managed ecosystems 
have been able to meet the needs of society for hydrological services in the past. However, due 
to booming global economic and fast population growth, the deficit between the capacity of 
ecosystems to provide water services and the need of a society has been continuously expanding 
(Lü et al., 2012). Hydrological services in dryland or water-limited environment are highly 
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sensitive to changes due to deficiency or variable distribution of water resources (Newman et 
al., 2006). Given the importance of dryland ecosystems and the increasing demand on water 
supply in these regions, it is important to improve science’s fundamental understanding of the 
connection between environmental change and water supply. Otherwise, the lack of scientific 
knowledge of the interactions of environmental change and hydrological processes will 
continue to hamper decision-making, such as land-use planning. 
The degradation of water supply is often governed by anthropogenic activities. This kind of 
human-ecosystem connectivity is considered most often to be driven by excessive resources 
use. In contrast, the impact of ecological restoration policies on hydrological services is 
underrated. The original intention of various restoration programs is always to recover services 
and benefits, however, inadequate implementation of such policies can also lead to unexpected 
adverse effects. For example, a watershed with a high percentage of forest and wetland is often 
highly effective in regulating runoff and water supply (Postel and Thompson, 2005), while a 
large proportion of afforestation in a water-limited environment usually results in declining 
availability of surface and ground water from a watershed (Brauman et al., 2007).  
Land degradation has a long history in China with its roots in climate, geography, and 
demographics. Dryland, particularly in Northwest China, suffers more than other regions in 
terms of degree and economic impact and potentially threatens the livelihoods of 1/3 of the 
Chinese population (Zhang et al., 2007a). The direct economic loss due to land degradation was 
equal to 4% of the national Gross Domestic Product (GDP) in 1999 (Bai and Dent, 2009), and 
the estimated national payment for associated environmental problems, including resource 
depletion and environmental pollution, has amounted to 13.5% of the national GDP (Shi et al., 
2011). Since the 1950s, the Chinese government has implemented a series of policies to restore 
the degraded environment, such as, the soil and water conservation program, the forestry 
development project, and the Grain for Green program. These programs and projects have been 
likely to cause enormous spatial and temporal changes in ecosystem hydrological services. 
However, assessment of the effects of ecological restoration on water supply service across 
spatial scale is challenging. 
There are several ways to assess the ecosystem hydrological services of ecosystems, such as 
measuring generation of hydrological processes, quantifying the extent of hydrological 
attributes, or evaluating the final hydrological services benefit (Brauman et al., 2007). When 
we consider water services, quantity – the volume of water available for use – is a primary 
attribute. For water supply, an increase in quantity is advantageous, while a decrease in quantity 
is unfavorable. After ecological restoration implementer may be interested in the amount of 
water discharged from a watershed both above and below the soil surface. The quantity of water 
flowing out of a watershed is measurable in terms of streamflow or runoff. If we are able to 
separate the effects of changes in climate and land cover to streamflow or runoff, the water 
supply service alteration due to ecosystem restoration can be evaluated. On the other hand, 
climate, topography, soil, and vegetation type and age, as well as management practices are 
essential factors controlling hydrological processes, therefore, specific assessment should be 
conducted at regional scale (Brauman et al., 2007). 
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2.1.2 Water Quantity 
Ecosystems do not produce water but modify the quantity of water through the landscape 
(Figure 2.1). Vegetation restoration is often used in arid and semi-arid region as a common 
management practice for controlling soil erosion and improving land degradation. These 
measures alter the patterns and structures of the landscape and, thus, have significant impacts 
on the watershed and/or regional hydrological processes and the quantity of water moving 
through the landscape. For this reason, a large number of studies have been conducted with 
broad scopes and varying debates worldwide, and especially for the Loess Plateau in China.  
 
 
Figure 2.1: Interactions between the water cycle and an ecosystem at watershed scale.  
(Brauman et al., 2007) 
The Loess Plateau in NW China is among the most fragile and erodible areas of the world (Fu 
et al., 2000). Erosion rates ranging from 20,000 to 30,000 t km2 y-1 are commonly reported (Xu 
et al., 2004), and the flood risk is increased by the rise in the riverbed from sediments in the 
middle and lower reaches of the Yellow River. To control soil erosion on the Loess Plateau, 
large-scale vegetation restoration (e.g., afforestation), building of terraces on slopes, and 
building of check-dams (sediment-trapping dams) have been implemented since the late1950s. 
These changes in land cover and form may alter soil properties including soil hydraulic 
conductivity. Soil hydraulic properties control water and nutrient transport in soil and thus are 
important indicators for soil quality (Boix-Fayos et al., 2001). Knowledge of soil hydraulic 
properties is also vital for understanding the movement of water (e.g., infiltration, conductivity, 
storage, and plant-water relationships) for management purposes. Thus, it is of great importance 
to understand if and how changes in the vegetation cover (in this case restoration) affects the 
physical properties of soil. So far, numerous studies have investigated the impact of land cover 
change on soil hydraulic properties, however, the conclusions were quite diverse. Some 
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reported that hydraulic properties have varied significantly after land-use conversion (Bonell et 
al., 2010; Bormann and Klaassen, 2008; Price et al., 2010; Wahl et al., 2003), while others 
claimed that they observed no or insignificant variation (Hu et al., 2009; Schwartz et al., 2003). 
Nevertheless, studies associated with soil hydraulic conductivity due to land-use change remain 
scarce, particularly for the subsoil (Shukla et al., 2003; Stolte et al., 2003). Despite of a few 
studies on the Loess Plateau (Hu et al., 2009; Zhang et al., 2011a), a thorough investigation of 
soil hydraulic conductivity after land conversion from cultivated land to forest and grassland is 
still rare. 
Soil conservation measures are considered effective and beneficial for enhancing soil 
infiltration, increasing water-use efficiency, alleviating flash floods, and enlarging carbon 
sequestration by advancing soil aggregate, pore size and connectivity, bulk density, and organic 
matter. Yet, various studies have shown that the large-scale modifications in vegetation and 
landform in NW China are likely to decrease the water yield (McVicar et al., 2007; Sun et al., 
2006; Wang et al., 2011b). The predicted change in climate may further deteriorate the current 
adverse situation of water shortage (Li et al., 2012; Zhai et al., 2010). Therefore, understanding 
and quantifying the response of water yield to changes in land management and climate is a 
prerequisite for developing adaptive measures to regulate water services for ensuring water 
security in the arid and semi-arid regions of NW China (Ma et al., 2008; McVicar et al., 2007). 
Water yield is a measurable variable. However, separating the impact of land management and 
climate variation on changes in water yield is challenging (Tomer and Schilling, 2009). A 
frequently used method for separating and evaluating the impacts of changes in climate and 
land cover on water balance and water fluxes is hydrological modeling. Thus, modeling results 
can be used as the basis for future planning in terms of sustainable water and land management 
(Middelkoop et al., 2001; Quinn, 2004; Zhang et al., 2008b). In addition to numerical modeling, 
empirical studies are also needed to verify if the ecosystems response to man-made disturbances 
and/or natural perturbations are in agreement with predictions (Guardiola-Claramonte et al., 
2011).  
Recently, hydrological responses of large-scale basins (e.g., the Yellow River Basin) to land 
management and climate changes have drawn more attention in China (Wang et al., 2011; 
Zhang et al., 2011c). Several researchers have found that control of soil and water losses by 
land-use modification could raise problems; for instance, afforestation could reduce streamflow 
(Zhang et al., 2008a) and increase the severity of water shortage (Cao et al., 2009), causing 
contradiction between decreasing arable land and increasing population, inadequate water for 
vegetation growth (Chen et al., 2007b) etc.. For increasing the awareness of interactions 
between land-use change and hydrology in the region, a decision supporting tool has been 
developed and it has been suggested that hill-slope and gullies ≥ 15° should be left for natural 
succession (McVicar et al., 2010). 
In this context, Blöschl et al. (2007) stated, climate impact may occur at large scales and is 
likely to be unitary in both small and large catchments as well as consistent in a region. On the 
contrary, land management change is typically a local phenomenon and its effect significantly 
decreases with increasing spatial scale. According to this hypothesis, the major driving force of 
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change in hydrology on varied scales could be different. The one important on a small scale 
may be negligible for a large scale, as its effect diminishes with the increasing size. Yet, whether 
there is any dependency between catchment size and the hydrological response to changes in 
land management and climate has rarely been studied in a systematic way. Furthermore, 
afforestation/reforestation is only one measure within a number of other conservation measures. 
The impacts of soil conservation practices at small- and meso-scale catchments, especially for 
those dominated by agriculture, have rarely been studied. The constructions of level terraces 
and check-dams are major measures for controlling soil erosion in such catchments. When 
compared to afforestation, the impact of soil conservation measures should be different and 
might be underestimated due to its small proportion compared to changes in land cover. 
2.1.3 Baseflow 
In arid and semi-arid regions, surface water resources are limited and subject to large fluctuation. 
Therefore, groundwater is often used as the main water source for supporting socio-economic 
development and ecosystems (e.g., forests) (Scanlon et al., 2006; Zhou et al., 2013). However, 
most of the groundwater use in arid and semi-arid regions is unsustainable. Population growth, 
which is expected to outpace that in more humid regions, puts further strain on the current 
severe water shortage and thus has potential to cause more severe water use conflicts (Llamas 
and Martínez-Santos, 2005; Scanlon et al., 2006). To ensure an adequate water supply service 
for natural and human systems, a firm scientific understanding of groundwater flow processes 
at different watershed scales is necessary and essential, especially in small watersheds for local 
populations. However, the quantification of groundwater recharge and outflow based on direct 
measurements is almost unfeasible. Therefore, a commonly used approach to quantify 
groundwater flow at watershed scale is to connect it to river baseflow. Discharge of a river 
consists of two components based on the rate at which they react to rainfall: quickflow and 
baseflow. Quickflow responds rapidly to rainfall and is usually associated with surface and 
quick subsurface (interflow) runoff, whereas baseflow reacts slowly and is a steady contribution 
to stream discharge from shallow and deep subsurface storage (Zhang and Schilling, 2006). 
Baseflow is affected by a large number of factors including catchment properties (geology, 
topography, soil), climate (mainly precipitation), and land cover (Mwakalila et al., 2002; Price 
et al., 2011). Landscape (land cover and form) changes can modify some of the factors, which 
in turn may alter baseflow behavior (e.g., quantity). The necessity of improving scientific 
understanding of how baseflow responds to human intervention has been recognized for 
decades. Yet, the temporal and spatial variation of baseflow generation processes at catchment 
scales are still constrained (Tetzlaff and Soulsby, 2008). This can be partly attributed to the fact 
that baseflow is understudied in the hydrological system, in comparison with more advanced 
knowledge on event-based runoff generation (Price et al., 2011; Tetzlaff and Soulsby, 2008). 
Subsurface infiltration contributes to baseflow generation, however, whether the infiltrated 
water can finally reach the groundwater or not is determined by the characteristics of soil, 
underlying geology and land cover (Gee and Hillel, 1988). For example, if the land cover and 
structure have been changed, especially from short (e.g., grass) to tall vegetation (e.g., forest), 
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it could significantly affect subsurface recharge by modifying the hydrological cycle, such as 
evapotranspiration (notably interception and transpiration), soil water storage and transport (Le 
Maitre et al., 1999). Many meta-analyses focusing on afforestation and deforestation found that 
runoff is negatively correlated with afforestation (Bosch and Hewlett, 1982; Brown et al., 2005; 
Calder, 2005; Zhang et al., 2001). In contrast to the consensus on forest impact on runoff, 
opinions on baseflow are non-uniform. Some investigations showed positive correlations of 
baseflow with forest cover (Bruijnzeel, 2004; Ma et al., 2009; Price et al., 2011) whereas other 
studies indicated that converting other land use to forest reduced baseflow (Lorup and Hansen, 
1997; Scott and Smith, 1997). The contradiction of the conclusions illustrates the complexity 
and heterogeneity of the baseflow process. In contrast to the discussion about the effect of land 
use change on baseflow in more humid regions (Price et al., 2011; Robinson et al., 2003), this 
topic is still rarely addressed in semi-arid and arid regions. In such regions, conversion of land 
cover could have profound consequences on baseflow and ultimately may threaten water supply 
security (Calder, 2005). 
On the Loess Plateau, vegetation coverage has increased by 45% since the 1970s (Wang et al., 
2012b). Yet, the spatiotemporal variation of baseflow after implementation of soil conservation 
practices remains unclear. To our knowledge, there have been only a few contributions to 
research at the international level (Dou et al., 2009; Huang and Zhang, 2004a; Liu, 2004) on 
the topic of baseflow in the Loess Plateau. Results and conclusions, however, were inconsistent. 
Liu (2004) found that baseflow increased with increasing forest cover. The interpretation was 
that the increased baseflow was a result of an enhanced infiltration in the forest while surface 
runoff was reduced. Huang and Zhang (2004a) and Dou et al. (2009) found that the catchment 
average annual baseflow has declined in comparison with the period prior to afforestation, 
whereas the proportion of baseflow in total runoff increased. Their attempts to investigate the 
correlation between soil conservation measures and baseflow behavior has confirmed the 
growing concerns of the potential (adverse) effects of large-scale soil conservation activities on 
groundwater resources (e.g., quantity). However, it should be recognized that all three 
investigations have their specific biases, as shown by Liu (2004) who considered multiscale 
(mainly medium to large scale) and forest coverage, but the data used originated from the 1950s 
to the 1960s during the first decade of the afforestation and did not consider the discrepancy in 
geology and topography among these catchments. Huang and Zhang (2004a) and Dou et al. 
(2009) quantified baseflow and baseflow index (BFI) variation along implementation of the soil 
conservation policy since the 1950s. However, this made it only possible to observe the 
combined effect of all measures on baseflow, rather than the specific individual impacts, which 
makes it difficult to advise decision-makers and planners. In addition, at larger scales (> 1,000 
km²), the impact from land cover change is difficult to verify since other processes are likely to 
be involved, including connectivity of flow paths in catchments and stream network. Therefore, 
it is more reasonable to verify the impact of land cover change on baseflow at small scale (up 
to some tens of square kilometers), since at this spatial scale, it is possible to distinguish the 
impact from natural processes and other sources (Blöschl et al., 2007). An appropriate approach 
to the issue of how land-use change may affect baseflow is to measure soil moisture in order to 
identify changes in seepage (Bogena et al., 2010). Previous studies proved that measurement 
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of soil moisture dynamics using sensor networks could depict the infiltration process more 
reliably (Bogena et al., 2007; Jones et al., 2002). Furthermore, hydrological models are often 
used to evaluate the impact of climate and land-use change on water balance and water fluxes. 
In this context, knowledge about baseflow is also vital for model calibration and ensuring 
reliable assessment and prediction on the Loess Plateau. 
2.1.4 Dynamic and Statistical Hydrological Models 
The hydrological cycle is highly complex; it is difficult to use mathematical physical equations 
to describe each sub-process. Therefore, a frequently applied tool for evaluating the impacts of 
changes in climate and land cover on water balance and water fluxes is dynamic hydrological 
models (Arnold and Fohrer, 2005; Arnold et al., 1998; Croke et al., 2004). Hydrological models 
supply a framework to conceptualize and investigate the relationships between climate, human 
activities and water resources (Jothityangkoon et al., 2001). In addition, the modeling results 
can be used as the basis for future planning and adaptation to climate change. In contrast to 
conceptual models, distributed hydrological models consider the complexity and spatial 
heterogeneity of the drainage area (Boyle et al., 2001; Legesse et al., 2003). According to the 
differences in land surface characteristics (e.g., soil, vegetation, topography) and climatic 
condition (e.g., temperature, precipitation), it divides the whole watershed into several sub-
watersheds or modeling units. The hydrological response of each sub-watershed or modeling 
units is calculated and routed to the watershed outlet to compute the entire watershed response. 
Moreover, an essential advantage of distributed models is their ability to show the spatial 
variability of hydrologic processes and hydrological effects of local changes within the 
watershed area. For this reason, distributed hydrological models have been significantly 
developed in recent decades. Yet, for distributed hydrological models, the simulation process 
requires a sufficient accurate spatio-temporal data. 
The Soil and Water Assessment Tool (SWAT) (Arnold et al., 1998) is a process-based semi-
distributed hydrological model (Figure 2.2). It includes physical processes and regression 
equations that describe the circulation of water, sediment and nutrients as well as vegetation 
growth; in addition, SWAT relates model parameters directly to physically observable land 
surface characteristics (Arnold et al., 1998; Legesse et al., 2003). This enables extensive 
applications in complex and large basins with varying soils, land use and management 
conditions over a long period of time (Abbaspour et al., 2007; Fohrer et al., 2001; Fontaine et 
al., 2001). Recently, SWAT has been applied to various river systems across China (Huang and 
Zhang, 2004b; Ouyang et al., 2008; Wang et al., 2008). The mountainous area of dryland is an 
important source for water for downstream (‘water tower’) and groundwater recharge. However, 
there are insufficient reports of the application of SWAT in such regions.  
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Figure 2.2: SWAT model structure and used data.  
(Modified from grid.unep.ch) 
In addition to dynamic models, statistical models are typically based on observations made at 
the watershed scale, and do not require sub-watershed scale data or parameterization. This 
allows the estimation of the impacts of land use and climate change on water supply with 
relatively low data requirements (Klemeš, 1983). Furthermore, statistical models can be used 
to establish relationships between models input-output that may allow extrapolation beyond 
observed states, such as climate or land-use change scenarios (Sivapalan et al., 2003).  
The vast majority of previous studies on the effects of soil and land management measures and 
climate change on the water yield of the Loess Plateau have focused on trends analysis of annual 
streamflow and attribution of the changes in streamflow to climate and land-use change (Ma et 
al., 2008; Yang and Liu, 2011; Zhang et al., 2009; Zhang et al., 2008b; Zheng et al., 2009). 
This is mainly owing to the availability of analysis tools. Among various applied approaches, 
Budyko's frameworks are the most frequently used ones. Budyko (1974) derived a statistical 
framework that describes the dependency of annual evapotranspiration (ET) on annual water 
availability (i.e., precipitation (P)) and energy supply (i.e., potential evapotranspiration (PET)). 
Since then, a considerable amount of additional research has been conducted on this framework 
by analyzing the influences of climate, soil, and vegetation on water balance (Choudhury, 1999; 
Milly, 1994; Yang et al., 2007; Zhang et al., 2001). Independent from Budyko’s framework, 
Fu (1981) developed an approach that depicts the relationship between long-term 
evapotranspiration and precipitation. This approach has been widely applied (Yang et al., 2007; 
Zhang et al., 2004a) after the main concepts were brought to the attention of the international 
research community by Zhang et al.(2004a). The frameworks of Budyko (1974) and Fu (1981) 
enable the investigation of the inter-linkage of ET and water-energy availability. In addition, 
modifications of Budyko's frameworks allow consideration of how catchment characteristics 
affect streamflow (Choudhury, 1999), or relate ET to a dryness index (PET/P) and water storage 
capacity under woody and non-woody land cover (Zhang et al., 2001). Despite those 
improvements, one of the shortcomings of Budyko’s frameworks is that they are not 
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particularly suitable for simulating the effects of different conversion in land cover (e.g., 
afforestation) and form (e.g., terracing of slopes as a measure to minimize soil erosion) on 
evapotranspiration. Even if applied, it is only possible to simulate the impact of afforestation 
on the evapotranspiration (McVicar et al., 2007; Wang et al., 2011b; Zhang et al., 2008a) due 
to the modification to the model by Zhang et al. (2001). In addition to afforestation, there are 
other major measures to modify the landscape, such as planting grass and land terracing, which 
probably also have made their contributions to the alteration in water yield. But the impacts of 
these soil conservation practices on water yield have rarely been addressed, due to the limitation 
of the methods.  
So far, most endeavors to incorporate vegetation characteristics into a water-energy balance 
model were based on Budyko's framework (Oudin et al., 2008; Yang et al., 2009; Yang et al., 
2007). Exploration of relating climate and vegetation dynamics to runoff and quantifying their 
impact on runoff has rarely been conducted. Given the need to develop adaptive conservation 
strategies for the Loess Plateau region, simple empirical methods that can adequately depict the 
relationship between land-use pattern, climate variability, and runoff are required. 
2.2. Objectives and Research Questions 
The overall objective of this thesis is to assess the impacts of land use (notably soil conservation 
measures) and climate change on hydrological ecosystem services (water supply), and discuss 
how water supply service in dryland area of NW China might be improved or optimized by 
modifying land-use (vegetation and soil management) strategies in a changing environment. 
This will provide a solid foundation for the integrated management of water, soil and vegetation 
in vast parts of the Yellow River Basin. For this purpose, the principal tasks can be summarized 
into three steps: (i) to understand and quantify the effects of conservation measures on water 
supply at different spatial scales; (ii) to implement and adapt modeling tools to predict potential 
consequences of different climate change scenarios on water balance; and (iii) to combine this 
information to suggest adaptive measures for ensuring hydrological services of ecosystem 
including water supply security. 
To achieve the above mentioned goals, the following research questions need to be addressed: 
1. Does vegetation restoration (e.g., forest and grass plantation) improve the physical and 
hydraulic properties of the soil? 
2. How do water supply services (streamflow and baseflow) respond to land use conversion 
and climate variability? Which is the major driving factor for the changes in water supply 
services (streamflow and baseflow), land use conversion or climate change? 
3. How does the impact of land use conversion and climate variability vary over space? What 
are the governing processes in changes of streamflow on different spatial scales? 
4. Is SWAT capable of simulating water supply (streamflow) in a watershed? If yes, what are 
the adaptive conservation measures to ensure water supply services under climate change? 
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2.3. Research Area 
In this work, the Jing River (Jinghe) in the middle reaches of the Yellow River was chosen as 
the study area. Jinghe, as the largest tributary of Wei River (Weihe) and the second-level feeder 
of the Yellow River, is an important water supplier for a vast area in the Loess Plateau including 
the downstream region. The Jinghe watershed covers an area of 45,421 km2 (Figure 2.3) with 
a population of 6.2 million and represents an underdeveloped rural area with a per capita GDP 
< 25% of the national average (Zhen et al., 2009). Frequent droughts and decreasing water 
availability are the most limiting factors for regional development, due to an increment in water 
use for irrigation and industry in the last decades. Meanwhile, the average runoff in the Jinghe 
has decreased by 56% during the last 50 years, and even more in the upper regions of the basin 
(Qiu et al., 2008). In addition, the predicted climate change (Yuan and Tang, 2008) will 
aggravate the already critical water supply security. 
 
Figure 2.3: Location of the Jinghe Basin in China. 
Another serious problem in the region is soil erosion. The affected area accounts for 73% of the 
total area of the Jinghe basin. The annual sediment yield can be as high as 5000 t km-2 with a 
total of 216 million ton in the Jinghe (Wang et al., 2006). To prevent soil erosion, large-scale 
restoration of vegetation has been carried out since the 1980s, while small-scale restoration 
started in the 1950s. As a consequence, the forest coverage in the Liupan Mts. (headwater area 
of the Jinghe basin), for instance, has increased from 31% in 1975 to 59% in 1999, and reached 
73% in 2000. The observed water yield reduction in the Jinghe since the 1990s is likely due to 
afforestation (Qiu et al., 2008). Afforestation and soil degradation led to a significant loss of 
cultivated area (98,000 ha between 1990 and 2005). Therefore, more food must be produced on 
limited and shrinking arable land in a region with a fast growing population. To increase 
productivity, construction of terrace and use of the filled-up check-dams at the bottom of a gully 
as additional cultivated land lead to an increased water demand. Hence, there is an increasing 
concern that uncontrolled afforestation will sharpen the conflict around water use and, as a 
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result, contributes negatively to the sustainable development of this impoverished part of China 
(Helming, 2009; Zhen et al., 2009).  
The proposed study was mainly conducted in two small catchments and a mesoscale subbasin 
of the Jinghe Basin. This subbasin covers the upper reaches of the Jinghe Basin. Discharge of 
the subbasin has been continuously measured by the hydrological station at the outlet. Details 
about the climate, relief, soil conditions, and land cover in small and medium-sized watersheds 
will be given in the following individual chapters with respect to specific research questions. 
 
 
Chapter 3 
Impact of Land Use Change on Soil 
Hydraulic Properties 
3.1. Study Material and Methodology 
3.1.1 Catchment Description 
In this work, a representative small catchment in the semi-humid gully region of the upper 
reaches of the Jinghe (Gansu Province, NW China) was chosen as study area. Zhonggou 
catchment (35°20’N, 107°31’E) covers an area of 14 km2 with an elevation range of 1000 – 
1300 m above sea level (asl). The averaged annual precipitation ≈ 509 mm y-1. The precipitation 
mainly occurs in summer. About 60% of the annual precipitation falling during July – 
September. The averaged annual temperature and potential evapotranspiration are 10.2°C and 
1394 mm y-1, respectively, according to the long-term observation since 1956 at the Jingchuan 
weather station that is located 14 km to the west of the study site. The catchment is covered by 
loess deposits varying between 50 and 80 m in thickness. The soil is classified as Calcaric 
Regosols according to the World Reference Base for Soil Resources (WRB) (FAO, 2006) with 
a texture of silt loam (Table 3.1). 
A large-scale afforestation project was undertaken in the 1980s for soil conservation in 
Zhonggou. Before the afforestation, cultivation had been the main land use type in the 
catchment. After that afforestation campaign, 83% of the catchment area is now covered by 
plantation of Black locust (Robinia pseudoacacia L.). Only a small proportion of arable land 
that is located on the flat tableland (Yuan in Chinese) is still under cultivation, whereas part of 
the previous cultivated land was abandoned and allowed grasses to grow naturally. Forest and 
grassland were not affected by human activities. For cropland, a 3-y rotation (winter wheat / 
rape – winter wheat / rape – maize) is usually applied. In addition, conventional tillage is a 
common practice in this region with a maximum depth of 30 cm.  
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3.1.2 Field Measurement 
All of the field measurements were conducted in June and September 2012 and March 2013 
under Black locust plantation, grassland, and rape cultivation in Zhonggou catchment. The 
measurements for cropland were conducted two weeks after harvesting, two weeks after sowing, 
and during the flowering season under the rape. The three plots for measurement were 
adjacently located with < 1000 m distance between each other so that they have identical 
topography, climatic conditions, and soil properties (Table 3.1). 
A. Saturated and near-saturated hydraulic conductivity 
Saturated and near-saturated hydraulic conductivity of topsoil (0 cm) and subsoil (30 cm) were 
estimated using a hood infiltrometer (UGT Müncheberg, Germany). To ensure the accuracy of 
the measurement, five replicates for each depth and treatment per measuring time were 
implemented. The hood infiltrometer is a valuable tool for determining the soil hydraulic 
conductivity at and near saturation. It has been widely applied in Germany (Scheffler et al., 
2011; Schwärzel et al., 2011; Schwärzel and Punzel, 2007). In contrast to other tools, the hood 
infiltrometer can avoid disturbance to original soil structure and provide more accurate results 
of measurement. 
For the infiltrometer measurement, we followed similar steps as Schwärzel and Punzel (2007). 
We measured the infiltration rates at four different pressure supply heads: 0, -1, -2, and -3 cm 
(1 cm of water = 0.09807 kPa). Larger pressure head is likely to allow air entry into the 
infiltrometer (Schwärzel and Punzel, 2007). The infiltration rate was automatically recorded by 
a differential pressure transducer installed at the water reservoir. For this measurement, 90 
infiltration experiments at four different pressure heads were performed. The analysis of the 
hood infiltrometer experiments is on the basis of Wooding’s (1968) solution for infiltration 
from a circular source with a constant pressure head at the soil surface. The unsaturated 
hydraulic conductivity K (h0) is given by an exponential function (Gardner, 1958): 
                                                  0 0 0exp     0S GEK h K h h                                               (3.1) 
where KS (LT-1) is the saturated hydraulic conductivity, αGE (L-1) is the slope of lnK versus h 
(pressure head (L)) curve, and h0 (L) is the applied pressure supply head. Then the steady-state 
flow rate Q (L3 T-1) can be given as 
                                2 0 0
4
GE
b
Q b K h K h

                                          (3.2) 
where b (L) is the radius of the infiltration surface, K(h0) is the unsaturated hydraulic 
conductivity at pressure head h0, and αGE is a constant in the interval between two consecutively 
applied pressure heads. Equation (3.2) can be solved for K(h0) using multiple pressure heads 
for a given hood radius, whereby Equation (3.1) and (3.2) are applicable piecewise. 
B. Water-conducting porosity 
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The water conducting porosity (maximum water-filled pore) at a certain pressure supply head 
can be estimated by the capillary rise equation: 
                                                      
2 cos 0.15
r
gh h
 

                                                                      (3.3) 
where r is the radius of the pore (L), σ is the surface tension of water (MT-2), β is the contact 
angle between water and pore wall, ρ is the density of water (ML-3), g is the acceleration as a 
result of gravity (LT-2) and h is the applied water pressure head (L). To calculate the radius of 
the pores we used the pressure head of -1, -2, and -3 cm. 
Following Watson and Luxmoore (1986), the water-conducting porosity is given as: 
                                                            
4
8
(r)
K
N
g


                                                                       (3.4) 
2
2
8 K
N r
gr

 

                                                                  (3.5) 
where N is the number of pores per soil surface unit, μ is the viscosity of water (ML-1T-1), K is 
the hydraulic conductivity (LT−1) obtained for two successive pressure heads, r is the radius of 
the pore (L), and θ is the water-conducting porosity (%). 
C. Contribution of pore classes to flow 
Determination of the contribution of pore classes to flow φi (%) is conducted according to 
Watson and Luxmoore (1986): 
   1(%) *100i ii
s
K K
K
 
 

      i = 1,……, n                           (3.6) 
where n is the number of the measurements that were performed in a sequence, φ is the pressure 
head, K(φi) and K(φi-1) are the hydraulic conductivities obtained for two successive pressure 
heads, and Ks is the saturated hydraulic conductivity. 
D. Fine root density 
Fine root density was determined using soil cores (10 cm in diameter and height) extracted at 
six depths (0-10, 10-20, 20-30, 30-40, 40-50, and 50-60 cm). For various land use, 10 soil cores 
were randomly sampled at each depth in a 5 × 5 m2 plot. The fine roots (diameter < 2 mm) were 
cautiously sorted out by hand. After removing the soil residual, the roots were oven dried at 
70 °C for 24 h and then weighted. Consequently, the fine root density was calculated using the 
root mass dividing the interior volume of the soil cores. 
3.1.3 Lab Measurements 
For lab measurement we used 90 undisturbed soil cores (6 cm in height, 250 cm3 in volume) 
samples that were extracted after the infiltration experiments below the positions where the 
infiltration rate had been measured. The unsaturated hydraulic properties was determined using 
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the evaporation method based on Schindler (1980). Firstly, we measured the soil water retention 
at the soil pressure heads pF = 1 (-101 cm water), pF = 1.3 (-101.3 or -20 cm water), and pF = 
1.5 (-101.5 or -31cm water). To achieve this, undisturbed soil core samples were put into a tray 
filled with sufficient deaerated water so that it allowed the soil to be saturated. After this we 
performed a dewatering process using ceramic plates connected to a hanging water column. 
The water column was used to create a negative pressure head at the bottom of the cores. After 
reaching the hydraulic equilibrium, two small-sized tensiometers (2 mm in diameter and 65 mm 
in length) were inserted at the core depths of 1.5 and 4.5 cm, while the other ends of the wires 
were connected to pressure transducers (accuracy = ± 1 cm). Then, the lid-covered samples 
were moved onto impermeable plates for evaporation experiments. After an additional day of 
equilibrium, instantly before the evaporation experiments, tensiometer readings were compared 
and corrected, assuming that hydraulic equilibrium had been reached (Schwärzel et al., 2006). 
Then the evaporation experiment started; the pressure heads and weights of the cores were 
automatically recorded with a 30 min interval using the ku-pF-apparatus (UGT Müncheberg, 
Germany). At the end of the experiments, tensiometers were removed from the cores. The 
residual water contents of the cores were calculated after oven-drying at 105°C.  
Field capacity was determined as the water content in soil at pF = 2.5; air capacity was 
determined as the difference of volumetric water content in soil between pF = 0 and 2.5; plant 
available water was the water content of soil at pF = 2.5 minus the water content at pF = 4.2. In 
order to determine the gravimetric water content at pF = 4.2 (permanent wilting point), repacked 
small cores (8 cm3) were used and measured by a pressure cell (Soil Moisture Equipment Corp., 
USA). The soil of the repacked cores was from the same source as the ones for measurement 
of the unsaturated hydraulic properties.  
The water retention and conductivity properties were derived using the van Genuchten–Mualem 
(VGM) model (Mualem, 1976; van Genuchten, 1980): 
                            
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where θ is the volumetric water content (L3L-3), θr and θs are the residual and saturated water 
contents (L3L-3) respectively, h is the pressure head (L), α (L-1) and n are parameters, Ks is the 
saturated hydraulic conductivity (LT-1), and Se is the effective saturation. 
In addition, bulk density was determined for each sample using undisturbed soil cores. 
Afterwards, the soil samples were dried at 40 °C and sieved with mesh size of 2 mm. 
Subsequently, contents of C and N were determined using Vario EL III (Elementar, Hanau, 
Chapter 3 
Impact of Land Use Change on Soil Hydraulic Properties 20 
 
Germany); the soil texture was determined using a combination of sieve and sedimentation 
method with pipette apparatus; and the content of Ca-carbonate (CaCO3) was measured by a 
Scheibler calcimeter (Eijkelkamp, Giesbeek, the Netherlands). Additionally, pH (H2O) (using 
thermal compensated pH-electrode) and electrical conductivity (using conductometer) were 
also measured. 
3.1.4 Statistics 
For comparison of the results, geometric mean, standard deviation, and coefficient of variation 
of 5 repetitions of the saturated and near-saturated hydraulic conductivity were calculated. The 
geometric mean of a data set (x1, x2, ..., xn) is calculated as: 
1 2
1
. ...
n
nn
i n
i
G x x x x

      i = 1,……, n                                               (3.10) 
The standard deviation and coefficient of variation are given by: 
 
1
1 n
i
i
x x
n


          i = 1,……, n                                          (3.11) 
*100%CV
x

                                                                  (3.12) 
where σ is the standard deviation, n is the total number of data, x  is the arithmetic mean of a 
data set (x1, x2, ..., xn), and CV is the coefficient of variation. 
In addition, analysis of variance (ANOVA) was applied at a confidence level of 95% for 
comparing the differences of soil physical and hydraulic properties between land uses and 
seasons. ANOVA was performed using the Statistical Product and Service Solutions (SPSS). 
Before the application of ANOVA, Levene's test (Levene, 1960) for homogeneity of variance 
and Shapiro-Wilk test (Shapiro and Wilk, 1965) for normal distribution were conducted in 
SPSS to ensure the accuracy of the analysis. The ANOVA has the following test statistics: 
MSB
F
MSW
                                                                      (3.13) 
B
SSB
MSB
df
                                                                   (3.14) 
W
SSW
MSW
df
                                                                (3.15) 
where F is the anova coefficient, MSB is the mean sum of square between groups, MSW is the 
mean sum of square within group, SSB is the sum of square between groups, SSW is the sum of 
square within group, and dfW and dfB are the degrees of freedom within and between groups. 
The statistics for SSB, SSW, dfW, and dfB can be given as: 
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   1B Wdf df df K N K                                                     (3.18) 
where nj is the number of the samples in group j, yj is the mean of the samples within group j, 
and y is the mean of all samples, while yij is an individual sample in group j, N is the total 
number of the samples, and K is the number of the groups.  
3.2. Results and Discussion 
3.2.1 Saturated and Near-saturated Hydraulic Conductivity 
Saturated and near-saturated hydraulic conductivity for different land cover at varying soil 
depths and different time of the year are presented in Table 3.2. The ranges of the saturated 
conductivity are 756 - 3010 cm d-1 for topsoil (0 – 6 cm) and 49 - 371 cm d-1 for subsoil (30 – 
36 cm), respectively. It is evident that the topsoil has much higher values of saturated and near-
saturated conductivity than the subsoil; this is likely to be attributed to more soil organic carbon 
and fine root density, as well as lower soil bulk density of the topsoil (Figure 3.1, Tables 3.1 
and 3.3).  
 
Figure 3.1: The measured fine root mass density in each 10 cm depth interval under 
forest, grassland, and cropland in June 2012. The vertical bars on the graph represent 
standard deviation of 10 replicated measurements. 
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Table 3.3: The average value of soil bulk density (BD), air capacity (AC), field capacity 
(FC), plant available water capacity (PAWC), and permanent wilting point (PWP) of 
forest, grassland and cropland. In brackets: coefficients of variation (%). 
 
 
Land cover 
Depth BD  AC (pF 0 - 2.5) FC (pF 2.5) PAWC (pF 2.5 - 4.2) PWP (pF 4.2)
cm g/cm3 % (v/v) 
06/2012 Forest 0-6 1.19 (12.94) 18.8 (21.6) 29.2 (6.6) 15.4 (7.3) 13.8 (12.5)
    30-36 1.38 (4.70) 13.3 (31.8) 28.7 (9.4) 15.2 (14.5) 13.5 (5.3) 
  Grassland 0-6 1.04 (6.99) 21.2 (5.9) 25.6 (3.8) 11.1 (7.7) 14.5 (7.9) 
    30-36 1.26 (2.04) 18.0 (7.1) 26.4 (3.5) 15.2 (4.9) 11.2 (1.9) 
  Cropland 0-6 1.25 (2.48) 15.1 (6.4) 28.9 (1.0) 12.9 (1.4) 16.0 (0.8) 
    30-36 1.38 (10.55) 10.0 (39.8) 31.2 (7.6) 9.8 (24.4) 21.4 (0.5) 
09/2012 Forest 0-6 1.10 (9.33) 18.1 (15.8) 31.1 (3.4) 18.2 (2.7) 12.9 (9.5) 
    30-36 1.42 (4.62) 12.0 (26.5) 28.0 (10.8) 14.0 (19.8) 14.0 (4.8) 
  Grassland 0-6 1.07 (1.68) 20.7 (22.8) 26.9 (1.4) 11.7 (3.2) 15.1 (1.1) 
    30-36 1.36 (5.19) 17.4 (8.5) 26.0 (4.0) 14.0 (3.4) 12.0 (4.8) 
  Cropland 0-6 1.18 (3.16) 14.2 (18.7) 28.7(3.9) 13.2 (8.7) 15.6 (2.1) 
    30-36 1.37 (3.00) 14.1 (23.0) 32.7 (3.0) 12.0 (7.9) 20.8 (0.2) 
03/2013 Forest 0-6 1.14 (3.59) 19.7 (20.4) 24.6 (6.9) 11.6 (16.6) 13.0 (4.6) 
    30-36 1.26 (0.31) 19.9 (7.6) 28.0 (2.9) 15.7 (6.0) 12.4 (1.1) 
  Grassland 0-6 1.24 (3.65) 17.5 (12.0) 27.1 (6.7) 9.7 (18.9) 17.5 (2.3) 
    30-36 1.31 (1.93) 17.6 (1.8) 27.1 (0.5) 15.5 (2.2) 11.6 (1.8) 
  Cropland 0-6 1.13 (4.08) 22.7 (10.5) 26.3 (2.9) 12.0 (7.2) 14.3 (3.7) 
    30-36 1.43 (4.01) 10.5 (31.4) 31.9 (4.1) 10.3 (7.2) 21.6 (4.5) 
If the results are compared with other previous studies, we can see that Hu et al. (2009) reported 
a much lower value of field saturated hydraulic conductivity for topsoil of a sandy loam textured 
loess soil. Their results suggested a range between 47 and 396 cm d-1. One of the possible 
reasons for such a low value might be that Hu et al. (2009) determined the conductivity using 
a disc infiltrometer. Such devices require a complete hydraulic contact between the membrane 
of the infiltrometer chamber and the soil (Angulo-Jaramillo et al., 2000). For achieving this, 
smooth and even soil surface is necessary and needs to be covered with a layer that has a larger 
hydraulic conductivity than soil. This layer may trigger a substantial discrepancy in pressure 
heads applied on infiltrometer membrane and soil surface (Reynold and Zebchuk, 1996), and/or 
sometimes may smear, seal, or clog macropore (Schwärzel and Punzel, 2007). For these reasons, 
the field saturated hydraulic conductivity might have been underestimated. Zhang et al. (2007b) 
used the Guelph permeameter to determine the field saturated hydraulic conductivity of a silty 
loam soil at an agricultural site on the Loess Plateau. Their measurements were carried out at a 
soil depth of 10 - 80 cm. For the subsoil, they gave a similar estimation as our subsoil 
conductivities with a range of 50 - 152 cm d-1. 
The measurement results show that field saturated and near-saturated hydraulic conductivity 
were significantly affected by land-use in both topsoil and subsoil (Table 3.2). With regard to 
the three measurements during 2012 - 2013, saturated conductivity present an identical result 
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order: grassland > forest > cropland (Figure 3.2), indicating that a larger number of pores and 
pore continuity exist under grassland, which is also confirmed by the high air capacity (AC) 
values (Table 3.3), as well as in line with the visual soil profile description. Based on the field 
visual characterization, more fine roots, desiccation cracks, and animal burrows were observed 
under grass. Such soil structure lowers soil bulk density of the grassland (Table 3.3). 
Additionally, this finding is also in accordance with Bodhinayake and Si (2004) who reported 
a larger macro-porosity and total porosity under grass than cultivated land. These differences 
in porosity finally resulted in an up to three time larger saturated hydraulic conductivity for 
grassland than for cultivated land (Bodhinayake and Si, 2004). 
 
 
Figure 3.2: The variation of soil saturated hydraulic conductivity under forest, 
grassland and cropland over seasons for two soil depths (0 and 30 cm). The vertical bars 
on columns represent standard deviation. 
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Table 3.4: ANOVA test of between-subjects effects with land use and season factors. 
Hydraulic conductivity at pressure heads of 0, -1, -2, -3, -100, -300, -500, and -700 cm are 
present as Ksat, K-1, K-2, K-3, K-100, K-300, K-500, and K-700. BD: bulk density, AC: 
air capacity, FC: field capacity, PAWC: plant available water capacity, PWP: 
permanent wilting point, Contribution: contribution of macropore to flow. DF: degrees 
of freedom, F: ANOVA coefficient, Sig: Significance value. Sig < 0.05 indicates that the 
effect of different land use or season on dependent variable is statistically significant 
at 5% probability. 
Source 
Dependent 
variable 
0 cm 30 cm 
df F Sig df F Sig 
Land use Ksat 2 11.396 0.000 2 12.934 0.000 
  K-1 2 15.759 0.000 2 12.511 0.000 
  K-2 2 17.511 0.000 2 11.464 0.000 
  K-3 2 16.975 0.000 2 10.297 0.000 
  K-100 2 1.302 0.287 2 2.316 0.117 
  K-300 2 2.309 0.117 2 0.150 0.862 
  K-500 2 3.107 0.059 2 0.010 0.990 
  K-700 2 3.273 0.052 2 0.028 0.973 
  BD 2 1.966 0.155 2 3.195 0.054 
  AC 2 1.429 0.254 2 8.614 0.001 
  FC 2 3.591 0.039 2 19.424 0.000 
  PAWC 2 17.186 0.000 2 20.513 0.000 
  PWP 2 11.687 0.000 2 533.810 0.000 
  Macroporosity 2 7.817 0.001 2 10.784 0.000 
  Contribution 2 7.273 0.002 2 0.564 0.573 
Season Ksat 2 6.900 0.003 2 0.001 0.999 
  K-1 2 4.853 0.013 2 0.010 0.990 
          K-2 2 3.452 0.041 2 0.036 0.965 
          K-3 2 2.657 0.082 2 0.048 0.953 
          K-100 2 0.531 0.593 2 0.987 0.385 
          K-300 2 0.487 0.619 2 0.308 0.738 
          K-500 2 0.747 0.482 2 0.163 0.850 
          K-700 2 0.747 0.482 2 0.256 0.776 
          BD 2 1.596 0.217 2 0.741 0.484 
          AC 2 0.385 0.683 2 0.284 0.747 
          FC 2 5.292 0.010 2 0.480 0.623 
          PAWC 2 5.977 0.006 2 0.067 0.936 
          PWP 2 0.583 0.564 2 0.426 0.657 
          Macroporosity 2 6.352 0.004 2 0.091 0.913 
          Contribution 2 4.755 0.030 2 1.260 0.294 
Apart from the land-use change, soil saturated and near-saturated hydraulic conductivity are 
also affected by seasonal alternation. The ANOVA analysis shows that the seasonal impact was 
statistically significant for topsoil but insignificant for subsoil (Table 3.4). Specifically, the 
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saturated hydraulic conductivity of the topsoil was higher in June and September and lower in 
March under forest and grass (Figure 3.2). This can be largely attributed to the increased activity 
of plant roots and soil fauna during the season. From June to September, soil receives generally 
more rainfall and solar energy than other months offering a favorable condition for biological 
activities. On cropland, soil is usually plowed at the beginning of September before sowing. 
The much higher conductivity (> 2000 cm d-1) observed at the end of September reflects the 
loosening effect of tillage. Yet, the loosening effect did not last, thus diminished over the time 
as proved in June (801 cm d-1) and in March (756 cm d-1) (Table 3.2). In contrast, no evident 
variation of the saturated and near-saturated hydraulic conductivity was observed for subsoil 
over the seasons. Analysis suggested that the soil under 30 cm was less sensitive to the alteration 
in natural environmental conditions (due to seasonal rainfall, root growth and decay, and 
structural pore space dynamics) or farming practice. 
In term of coefficients of variation (CV), the subsoil possessed a wider range of variability (30% 
to 145%) than the topsoil (14% to 63%) (Table 3.2), which is in line with the findings of other 
studies (Hu et al., 2009; Schwärzel et al., 2011; Schwärzel and Punzel, 2007). But we have to 
note that the mean agricultural subsoil CV of the saturated and near-saturated hydraulic 
conductivity was substantially lower than that of grassland or forest. This suggests that regular 
tillage (30 cm) created a more homogeneous subsoil structure through destruction of macropore 
continuity. 
The water-conducting macro-porosity (pore diameter > 1 mm) was estimated for topsoil and 
subsoil separately. Results show that the topsoil ranged from 0.08% (cropland) to 0.35% 
(grassland), whereas it was from 0.002% (cropland) to 0.03% (grassland) in the subsoil (Figure 
3.3). This result explains that the grassland has more macrospores than woody and cultivated 
lands in both topsoil and subsoil. Forested and cultivated lands had a similar macro-porosity in 
the topsoil except in September 2012. The exception was most likely to be caused by tillage 
after harvesting. In the subsoil, grass and forest had a more similar macro-porosity, while the 
cropland was always the lowest over the seasons. This provides evidence that soil compaction 
in the subsoil of the cropland resulted from long-term regular plowing. Tillage could 
temporarily enhance the number of large pores in topsoil, but these large pores are easily to be 
damaged by rainstorms or shrinking - swelling of the soil due to disadvantageous structure and 
instability (Cameira et al., 2003; Hu et al., 2009).  
In summary, grassland soils present a much higher conductivity than forest soil; this is a 
reasonable outcome as expected. The non-managed grassland in Zhonggou originates from 
abandoned arable land; this means the upper soil is quite loose and has abundant fine roots that 
might be even mixed with former crops that remained. In the lower soil (at a depth of 30 cm in 
this study) the fine roots of grass decrease but are still abundant while the ones of forest become 
much less in contrast. In addition, it has to be mentioned that digging fish-scale pits on steep 
slopes (Figure 3.4) are common afforestation technique on the Loess Plateau (Wang et al., 
2014). By doing so, the soil is likely to be compressed while digging and refilling resulting in 
ruining of original soil structure. This also can be one of the possible reasons for the low 
saturated hydraulic conductivity under the forest.  
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Figure 3.3: The water-conducting porosity of different land covers (present in three pore 
diameter classes). The vertical bars on the graph represent standard deviation. 
The calculated contribution of different pore classes to flow is illustrated in Figure 3.5. The 
macro-pores accounted for only 0.08 - 0.35% of the total soil volume, but they contributed up 
to 80% of the flow under the forest, grassland, and cropland (Figure 3.5). During the study 
period, there was no significant difference in the contribution of pores with diameter > 1 mm 
was observed between forest and grassland. With regard to cropland, the macro-pores in the 
topsoil was responsible for more than 80% of the total water flow in September due to tillage 
effect. However, their contribution has decreased to 47.5% in March (Figure 3.5).  
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Figure 3.4: The fish-scale pits for afforestation on the Loess Plateau. 
 
 
Figure 3.5: Contribution of different pore classes to soil water flow under forest, 
grassland, and cropland at two soil depths (0 and 30 cm). 
3.2.2 Unsaturated Hydraulic Conductivity 
The results of the unsaturated hydraulic conductivity are presented in Table 3.2. In terms of 
unsaturated hydraulic conductivity, no evident differences can be identified between the three 
different land-use at a 5% probability (Table 3.4). As pressure head increases, the impact of soil 
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structure on unsaturated hydraulic conductivity diminishes. It has been well recognized that at 
higher pressure head (< - 300 cm), soil hydraulic property is more related to soil texture rather 
than soil structure. Our results are in agreement with it very well. Hence, when the pressure 
head increases to a certain extent (e.g., soil suction < - 300 cm), the impact of different land-
use on unsaturated hydraulic conductivity is negligible, at least in this study. Finally, the results 
are in line with the findings from other studies on the Loess Plateau, such as Zhang (2005). 
3.2.3 Water Retention 
The parameters of the soil water retention function were best fitted by applying the lab 
measurement results to the van Genuchten–Mualem (VGM) model (Table 3.5). At a first glance  
Table 3.5: Fitted parameters of van Genuchten model (Eq. 3.7). θs = saturated water 
content, θr = residual water content, α and n are additional parameters. 
Measuring 
Time 
Land use 
Depth θs θr α n 
cm cm3/cm3 1/cm - 
June 2012 Forest 0 0.481 0.087 0.021 1.324 
   30 0.420 0.108 0.008 1.519 
  Grassland 0 0.469 0.096 0.047 1.319 
   30 0.444 0.041 0.022 1.296 
  Cropland 0 0.440 0.078 0.029 1.240 
    30 0.413 0.142 0.016 1.287 
Sep 2012 Forest 0 0.492 0.083 0.011 1.452 
    30 0.400 0.075 0.012 1.372 
  Grassland 0 0.446 0.092 0.037 1.297 
    30 0.433 0.057 0.022 1.316 
  Cropland 0 0.430 0.084 0.039 1.159 
    30 0.468 0.144 0.024 1.293 
March 2013 Forest 0 0.443 0.109 0.017 1.520 
    30 0.479 0.086 0.015 1.443 
  Grassland 0 0.450 0.128 0.028 1.456 
    30 0.447 0.076 0.014 1.414 
  Cropland 0 0.479 0.074 0.056 1.271 
    30 0.424 0.193 0.009 1.488 
of Figure 3.6, it appears that the shape of the topsoil water retention curves and part of the 
subsoil’s curve (pF < 2) are more or less similar. This implies that under the same soil and 
climatic condition, land-use has a minor impact on the pore size distribution (at least in this 
study). But we have noticed that the differences did exist in terms of soil water limits as air 
capacity (AC), field capacity (FC) and plant available water capacity (PAWC). As discussed in 
chapter 3.2.1, grassland tended to promote the creation of larger macro-pores which is hinted 
by the enhanced AC in comparison to forest or crops. Contrariwise, forest tended to promote 
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the formation of meso-pores as suggested by the higher PAWC compared to grassland or 
cropland. This seems to be inconsistent with other studies since it is widely accepted that surface 
horizons of forest soils contain continuous channels or pipe networks that are mostly formed 
by soil fauna and active and decaying plant roots (Moore et al., 1986). This is probably also 
true for our study. If it is so, how can we explain the results we had? One of the possible reasons 
might be that the macropore system under forest seems to be more instable than under grassland. 
The forested land on the Loess Plateau is mostly composed of two layers: understory and 
overstory. Therefore, the seasonal root water uptake under forest is much higher than under 
grassland. This means, soil under forest undergoes more pronounced drying and wetting cycles 
in comparison to the soil under grassland. As a result of more intense shrink-swell cycles, the 
macropore system may become fragile and easy to collapse under forest. Such destruction of 
macro-pores could lead to a shift of pore size distribution towards smaller pores as presented 
by Schwärzel et al. (2011). Among the three land-use types, the topsoil of cropland is 
characterized by the highest unavailable soil moisture, indicating that cultivation may have 
resulted in compaction; as a result, the number of meso-pores declines while micro-pores tend 
to increase. This trend is much more noticeable in subsoil. Subsoil compaction due to long-term 
cultivation and possible clay translocation has resulted in enhanced bulk density and micro-
porosity at the expense of meso-porosity. 
3.2.4 Implications for Land Management 
Soil erosion is a severe environmental problem on the Loess Plateau. Intensively cultivated 
slope farmland has been considered as one of the main factors associated with this problem (Shi 
and Shao, 2000). Conversion of cropland to forest and grassland modifies the characteristics of 
the ground surface and reduces the kinetic energy of the rain drops so that the soil erosion can 
be reduced during rainstorms. Many studies have addressed that afforestation is an effective 
measure against soil erosion by stabilizing slope soil in addition to many other benefits, such 
as alleviate floods, expand carbon sequestration, supply woody products, and allow natural 
secondary succession (Sun et al., 2006; Zhang et al., 2014). Our study indicates that vegetation 
restoration has promoted subsurface infiltration and macropore connectivity. However, forest 
tended to promote meso-pores and therefore the water storage capacity, while grassland 
promoted stable macro-pores and therefore the capacity to transmit water rather than to store it. 
Black locust is the most common tree species used for afforestation on the Loess Plateau. 
However, this species has a very low average survival rate (~ 38%) and “young-aged” 
appearance (Wang et al., 2014). This implies that although afforestation promotes infiltration 
and water storage capacity, insufficient rainwater supply may limit the long-term forest growth. 
Many studies have reported soil water depletion in deep soil on the Loess Plateau due to 
artificial plantation (Chen et al., 2008; Jin et al., 2011) and its substantial impact on water yield 
and groundwater recharge reduction (Gates et al., 2011; Wang et al., 2011b; Zhang et al., 2014). 
Therefore, from the perspective of water resources management in this water limited region, 
grass might be a more suitable option for soil conservation as it is able to improve macro-pores 
and promote water vertical transmission. 
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Figure 3.6: Soil water retention curves of forest, grassland, and cropland. The upper 
and lower graphs represent topsoil and subsoil separately. The vertical dashed lines 
indicate the pF-values at field capacity (pF 2.5) and the permanent wilting point (pF 
4.2). The vertical bars on the graph represent standard deviation. 
3.3. Conclusion 
The study at pedologically comparable sites on the Loess Plateau gave evidence that conversion 
of land cover had considerable impact on soil hydraulic conductivity and to a lesser extent on 
soil water retention characteristics of both topsoil and subsoil. However, no significant 
difference in unsaturated hydraulic conductivity was identified at pressure head < -300 cm 
(drier condition) among different land-uses. In comparison to cropland, forest and grassland 
present a much larger saturated hydraulic conductivity, more functional porosity associated 
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with water-conducting, and air capacity in subsoil indicating that land use change from cropland 
to forest or grassland has altered soil structure and hydraulic properties. If comparing black 
locust afforestation and grassland, grassland had a greater functional macroporosity, infiltration 
/ Ksat, and air capacity, while in the woody plantation area, the increased Ksat and plant available 
water content and improved meso-porosity were presumably attributed to advanced pore 
connectivity and instability of macro-pores resulted from shrink-swell cycles. Cropping with 
tillage creates temporary macro-pores in the topsoil and leads to compaction, loss of macro-
pores and meso-pores in the subsoil as indicated by reduced AC, Ksat and PAWC but greater 
PWP. Our findings suggest that afforestation and grassland have exhibited considerable 
amelioration on soil structure, in which forest tended to promote soil water storage capacity, 
whereas grassland promoted infiltration capacity. It has also to be noted that land use change 
may have substantial impact on water resources and supply services depending on the 
characteristics of the land cover and thus must be considered in initiating an efficient site-
specific water management and land-use development scheme on the Loess Plateau. 
 
 
 
Chapter 4 
Separating the Effects of Changes in 
Land Management and Climatic 
Conditions on Long-term Streamflow  
4.1. Study Material and Methodology 
4.1.1 Catchment Description 
A representative small watershed on the semi-humid part of Loess Plateau in NW China, 
Zhifanggou (ZFG), was chosen for this study. It is located in the rural surroundings of Pingliang 
City (35°26′ - 35°33′N and 106°37′ - 106°42′E) of Gansu Province (Figure 4.1), with a drainage 
area of 19 km2 and an elevation range of 1365 - 2100 m asl. ZFG is a feeder of the Jing River, 
which is the second largest tributary of Yellow River in its middle reaches. The average annual 
precipitation of ZFG is 544 mm y-1 with 57% occurring during the rainy season from July to 
September. The mean annual temperature is 8.8°C and the average annual potential 
evapotranspiration (PET) amounts to 1500 mm y-1. The ZFG catchment is covered by loess 
deposits (thickness > 30 m) with a spatial distribution of red clay in the southwest and dark 
loessial and loessial soils in the northeast. The land use in the catchment is dominated by 
agriculture. In the past, soil erosion and flash floods caused serious problems threatening the 
Pingliang City. To minimize soil erosion and control flash floods, the original sloped farmland 
was converted to terraces and the forest cover was slightly increased (Table 4.1). In Figure 4.2, 
the variation in annual precipitation, runoff, and the area affected by soil conservation measures 
for the period 1955 to 2004 is shown. 
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Figure 4.1: Location of the Zhifanggou (ZFG) catchment on the Loess Plateau (LP) and 
the distribution of rain gauges in the catchment area (PLMS: Pingliang Meteorological 
Station). 
 
Figure 4.2: Annual rainfall and annual runoff for ZFG catchment, as well as affected 
area ratio by soil conservation measures for ZFG during the period 1955 – 2004. 
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Table 4.1: Land use and cumulative treated area in Zhifanggou catchment during the 
period 1955 – 2004. Category “Others” include residential area and roads. Δ refers to 
changes of land use in the study area over time. The treated area (%) indicates the total 
changes of land use in area over time against watershed size. 
 Plantation Grass Terrace Slope Dam Others Total Plantation Grass Terrace Dam treated
Year    farmland land      land area 
 (km2) (km2) (km2) (km2) (km2) (km2) (km2) (km2) (km2) (km2) (km2) (%) 
1958 0.35 4.97 0 9.50  0 4.16 18.98       
1965 0.43 8.95 0.44 7.06  0 2.10 18.98 0.08  3.98 0.44 0  23.7 
1978 1.35  8.68 1.73 4.77  0.35 2.10 18.98 1.00  3.71 1.73 0.35 35.8 
1985 2.30  5.18 3.84 5.27  0.48 1.91 18.98 1.95  0.21 3.84 0.48 34.1 
2004 2.81  5.36 7.19 1.31 0.56 1.75 18.98 2.46  0.39 7.19 0.56 55.8 
4.1.2 Data Source 
The hydro-meteorological data for the period 1955 – 2004 were provided by the Pingliang 
Institute of Soil and Water Conservation. Since 1955, the streamflow at the outlet (Yiba) and 
the precipitation at five sites within ZFG have been continuously measured (Figure 4.1). To fill 
data gaps, the records of Pingliang Meteorological Station (PLMS) were correlated with the 
data collected in ZFG. For further analysis, daily precipitation and streamflow data were 
aggregated to monthly and annual values. Potential evapotranspiration (PET) of the catchment 
was calculated according to Hargreaves and Allen (2003). We chose the simplified approach 
for PET calculation due to the lack of in-site measured weather data. Only daily precipitation, 
temperature, and streamflow were continuously measured during the period 1955-2004. 
However, the Hargreaves and Allen method is well-suited for the calculation of PET for water-
limited, non-irrigated areas (Hargreaves and Allen, 2003). 
4.1.3 Trend Test 
The Mann-Kendall (M-K method) test was applied to find out whether and when the observed 
time series of streamflow, precipitation, and climatic water balance (CWB, precipitation minus 
potential evapotranspiration) show a changing trend that is statistically significant compared 
with a trend that could occur by coincidence. This test has two parameters that are important 
for detecting trends: the significance level indicating the strength of the trend and the slope 
magnitude estimate which indicates the direction and magnitude of the trend. A detailed 
description of the M-K test and its application was given by Hamed (2008). To detect whether 
there are abrupt changes in streamflow, precipitation, and CWB with time, a fitted model of the 
sequential values from the progressive analysis of the M-K test at a 5% significance level was 
applied over the time series (Sneyers, 1991). 
For a given time series, the test statistic can be calculated as: 
                                               
1
1 1
sign
n n
j k
k j k
S x x

  
                                               (4.1) 
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where n is the number of dataset, xj and xk are the sequential data values, Rj and Rk are the ranks 
of the values xj and xk. From the equation (4.2) we can see that rather than the real values, the 
test statistic is determined by the ranks of the observations. This can ensure the statistical 
significance is not affected by the actual distribution of the values if we compare it with other 
parametric trend tests like regression coefficient test (Yue et al., 2002). 
Under the null hypothesis that no trend exists in the datasets, the mean (E) and variance (Var) 
of the distribution of S are given as (Kendall, 1975): 
                                                                    0E S                                                             (4.3) 
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                                                   (4.4) 
The null hypothesis is then accepted at a significance level of α if -Z(1-α/2) ≤ Z ≤ Z(1-α/2), 
where Z is given as: 
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For estimating the magnitude of change, a non-parametric median β is introduced: 
  j k
x x
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j k

 
   
     1k j k j n                                     (4.6) 
where a positive value of β indicates an upward trend, whereas a negative one means a 
downward trend. 
4.1.4 Separating the Impact of Soil Conservation Practices and 
Climate Change on Streamflow 
It is well known that climate change (notably changes in climate variability) is one of the major 
driving forces for changes in hydrological regimes. In a water-limited area, evapotranspiration 
is primarily controlled by available water (i.e., precipitation), not energy (McVicar et al., 2012; 
Roderick and Farquhar, 2004). Therefore, precipitation is the dominant climatic factor affecting 
runoff and any trends in precipitation will affect the variation in runoff. In order to separate and 
quantify the hydrological response to changes in land use and climate, Huang and Zhang (2004a) 
used a simple approach based on the relationships between rainfall and runoff in pre-treatment 
(calibration) and post-treatment periods for estimating the contribution of conservation 
measures to seasonal runoff. This approach requires only long time series of observed 
precipitation and runoff. It enables to quantitatively separate the effect of individual factors 
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using limited, yet the most common available data. This method was then adopted in various 
studies (Li et al., 2007; Ma et al., 2008; Sun et al., 2006; Zhang et al., 2008b). In this study the 
method was applied as follows: 
For a given catchment, we assume that changes in mean annual streamflow can be expressed 
as: 
                                                  Climate LanduseQ Q Q                                                 (4.7) 
where ΔQ is the total change in mean annual streamflow, ΔQclimate is the change due to climate 
variation, and ΔQlanduse is the change due to land use/management change (including soil 
conservation measures).  
The response of streamflow to these changes may occur gradually or abruptly. If there are 
abrupt changes in streamflow, the total change in mean annual streamflow can be approximated 
as follows: 
                                                               1 2Q Q Q                                                              (4.8) 
where Q1 is the mean annual streamflow before the changes occur (initial period) and Q2 is the 
mean annual streamflow after the changes came into effect (transient period). The application 
of equation (4.8) is based on the assumption that changes in land management are insignificant 
throughout the initial period; any observed variations in streamflow throughout the initial 
period are caused by variations in atmospheric boundary conditions. In contrast to the initial 
period, the streamflow variations in the transient period are caused by changes in land 
management, as well as, in climate. The relationship between annual precipitation and annual 
streamflow has to be separately fitted using regression equations for the initial and the transient 
period. To separate the effects of changes in land management from that of changes in climate, 
the mean annual precipitation of the transient period can be inserted into the regression equation 
of the initial period to calculate the possible streamflow (Q′2) in the transient period under the 
assumption that there is no change in land usage, i.e., the variations in possible streamflow (Q′2) 
throughout the transient period are only caused by changes in climate. Finally, Qclimate and 
Qlanduse can be calculated using equation (4.7) and (4.8) as follows: 
                                                            1 2ClimateQ Q Q                                                           (4.9) 
                                                           2 2LanduseQ Q Q                                                        (4.10) 
4.1.5 Quantifying the Effect of Individual Conservation Measures 
on Changes in Streamflow 
For differentiating the impact of each soil conservation practice on the streamflow, a 
multivariate statistical approach (Wang et al., 2012c) was applied. To make this approach 
reasonable, we assumed the soil and other geophysical properties are homogenous and the 
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precipitation is evenly distributed within the catchment of ZFG, and the changes in 
evapotranspiration between different land-use types are constant following Costa et al. (2003). 
As an approximation, the streamflow in a catchment can be assumed as the sum of runoff 
generated from each type of land management/cover. In ZFG, woodland and grassland has been 
mainly established on sloped sites, while agriculture is found on terraces and dam land, as well 
as, on slopes. Over the observed 50-year period, the portion of cultivation on sloped sites 
diminished (Table 4.1). For ZFG, the streamflow can be presented as: 
                                             
1 1 2 2 3 3 4 4
Q
A A A A
P
                                                (4.11) 
where A1, A2, A3 and A4 represent the total area of slope forest, slope grassland, slope farmland, 
and terraced farmland, respectively. Here, we assume that the dam land used for agriculture 
may be viewed as terraced farmland due to similarities in function. The areas of residence and 
roads in catchment (summarized as others in Table 4.1) were not considered in equation (4.11) 
due to the lack of any explicit record, which can lead to an underestimation of water yield by 
road. Nevertheless, the impact of each land management type on the streamflow can be 
quantitatively assessed. For the application, 20 years of area records of each land management 
type were employed for analysis and α1, α2, α3 and α4 are their corresponding annual runoff 
coefficients; while P is the mean annual precipitation and Q is the mean annual runoff. The 
coefficients in equation (4.11) can be determined by a linear regression analysis in keeping the 
constant as zero. 
4.2. Results 
4.2.1 Gradual and Abrupt Trends in Streamflow and Climate  
We found gradual trends in annual precipitation, streamflow, potential evapotranspiration 
(PET), and climatic water balance (CWB). The rate of change was -1.00 mm y-1 for 
precipitation, -1.14 mm y-1 for streamflow, -0.99 mm y-1 for PET, and 0.23 mm y-1 for CWB 
(Table 4.2). However, only the trend in annual streamflow was statistically significant. In 
addition, statistically significant negative trends during the rainy season (July - September) and 
non-rainy season (October - June) were detected for the change rate of streamflow at -0.65 and 
-0.43 mm y-1, respectively (Table 4.2). 
To examine if change points in the time series exists, sequential Mann-Kendall test was 
independently applied for annual and seasonal streamflow, annual precipitation, PET, and 
CWB. An abrupt change around 1980 was identified for the annual streamflow (Figure 4.3). 
No abrupt change point was identified for precipitation, PET, or CWB, which is consistent with 
the above presented results of the trend test. As an abrupt change point, 1980 was selected to 
divide the whole time series into two parts: initial period (1955 - 1979) and transient period 
(1980 - 2004). 
Chapter 4 
Separating the Effects of Changes in Land Management and Climatic Conditions on Long-
term Streamflow  39 
 
Table 4.2: Results of Mann-Kendall trend test for observed data during the period of 
1955 – 2004 at the significance level of 0.05. In table: PET: potential evapotranspiration, 
CWB: climatic water balance (precipitation minus potential evapotranspiration), Rainy 
season: July – September, Non-rainy season: October – June, * downward trend at 
significance level of 0.05, and ns = not significant. 
n=50 Mean value
(mm y-1) 
Test Z Slope 
(mm y-1) 
Significance 
Annual precipitation 544 -0.786 -1.00 ns 
Annual streamflow 45 -3.957 -1.14 * 
Annual PET 1500 -1.338 -0.99 ns 
Annual CWB -409 0.067 0.23 ns 
Rainy season streamflow 28 -3.748 -0.65 * 
Non-rainy season streamflow 17 -4.082 -0.43 * 
 
 
(a) 
 
(b) 
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(c) 
Figure 4.3: Results of sequential Mann-Kendall test for (a) annual streamflow, (b) rainy 
season streamflow, and (c) non-rainy season streamflow in ZFG from 1955 to 2004. The 
horizontal dotted line indicates the critical value 1.96 at the significance level of 0.05. 
UFK means a progressive time series and UBK means a retrograde one. The intersection 
point where the two lines cross is considered as an approximate changing point. 
4.2.2 Changes in Streamflow between Initial and Transient Period 
The average annual streamflow during the transient period only amounts to 45% of the initial 
period. A similar reduction was also discovered for the seasonal streamflow. In the transient 
period, the streamflow during the rainy season and non-rainy season was reduced by 51.2% (19 
mm) and 62.5% (16 mm), respectively, in comparison to the initial period. In contrast to the 
percentage change rates of streamflow, the percentage change rates of annual rainfall (7.8%) 
and PET (3.4%) were small.  
There is a weak positive correlation (r < 0.5) between streamflow and precipitation and a very 
weak negative correlation (r < 0.2) between streamflow and PET for the period during 1955 – 
2004. Interestingly, these correlations are much more pronounced in the initial period (1955 – 
1979) than in the transient period (1980 – 2004). These results indicate that the streamflow 
during the transient period is more strongly affected by the soil conservation measures 
implemented than by the climate variations. I will elaborate on this aspect below. 
4.2.3 Effects of Soil Conservation Practices and Climate Change on 
Streamflow 
To separate the influence of land management and climate change on streamflow, equations 
(4.7) to (4.10) were applied. The distinct reduction in streamflow after 1980 is mainly due to 
changes in land management which contributes to 74% (26 mm) of the decline in streamflow 
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(Table 4.3). In contrast, the decreasing tendency in precipitation takes responsibility for 26% 
(9 mm) in streamflow reduction. 
Table 4.3: Estimated effect of a change in climate conditions and conservation practices 
on streamflow in ZFG during the period 1955 – 2004. Q: streamflow (mm y-1), P: 
precipitation (mm y-1), and R2: correlation coefficient. 
Period Equation 
P. 
(mm y-1) 
Measured 
Q.( mm y-1)
Estimated 
Q. (mm y-1)
Qclimate 
(mm y-1)
Qlanduse 
(mm y-1)
Qclimate 
(%) 
Qlanduse 
(%) 
1955-
1979 
Q=0.1990P-
50.685 
(R2=0.5403, 
α＜0.01) 
567 62 62                   
1980-
2004 
Q=0.1547P-
53.327 
(R2=0.5310, 
α＜0.01) 
522 28 27 9 26 26 74 
Each soil conservation measure has its individual characteristics with respect to its function and 
reaction in the water cycle. Thus, the observed changes in streamflow due to changes in land 
management reflect the combined effects of several soil conservation measures implemented 
in the ZFG catchment. To distinguish the individual role of the individual soil conservation 
measures on streamflow, the runoff coefficient of each implemented measure was determined 
using Eq. (4.11). As expected, each type of soil conservation measure has a different impact on 
the streamflow (Table 4.4). Sloped grassland and farmland contribute most to the generation of 
streamflow; while the runoff coefficient of sloped forestland is very low (Table 4.4). Not 
surprisingly, the terraced and dam land has a negative runoff coefficient, i.e., it presents a much 
higher effect of reducing streamflow than sloped land. 
Table 4.4: Estimated annual runoff coefficients of various soil conservation measures 
implemented in ZFG during the period 1955 – 2004 (R2 = 0.90, n = 20, sig ˂ 0.01). 
Conservation measures 
Runoff 
coefficient 
Slope forest 0.016 
Slope grassland 0.125 
Slope farmland 0.108 
Terraced farmland (including dam land) -0.0004 
4.2.4 Dependency of Spatial Scale and Hydrological Response to 
Environment Change 
To ensure an appropriate discussion of the findings from our case study we have to consider 
scale transfer. For testing the hypothesis by Blöschl et al. (2007), we compiled data from 13 
catchments in the Loess Plateau, for which data have been published earlier. The size of these 
catchments varies between 10 and 1,000,000 km2 (Table 4.5). For all of these catchments long-
term data sets on measured streamflow exist. Those streamflow records exhibit an abrupt 
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insection point in the 1970s or 1980s. In some cases, there were weak trends in climate (i.e., 
precipitation) but with no statistical significance. Thus, at a first glance, the observed changes 
in streamflow might be due to changes in land management. In Figure 4.4, the relationship 
between the catchment size and the change rate in streamflow is presented. Interestingly, the 
change rate curve shows two inflection points at approximately 2,000 and 6,000 km2. The sharp 
drop in the change rate across the inflection point between 2,000 and 3,000 km2 suggests that 
at a catchments size < 2,000 km2, changes in streamflow rates may be caused by alterations in 
land management, as well as, climate changes. At catchments sizes > 6,000 km2, the change 
rate levels off. 
Table 4.5: Overview of published datasets for catchments studies with different size in 
the Loess Plateau region with varying sizes. Data was separated into two periods for 
each catchment by a detected change point in streamflow. 
Source 
Catchment 
Name 
Size 
(km2)
P 
(mm)
PET 
(mm)
 Streamflow 
(mm) 
Data 
Period 
Streamflow 
Feature 
Change rate 
(%) 
Feng et al.(2007), 
Wang et al. (2004) & 
Wang et al. (2012a) 
Jinghe  45421 550 1270 6.7 1950-1979 8.7 
 1980-1999 6.4 26,4
Mu et al. (2007) Qiushui 1989 509 1820 42 1956-1977 3.2 
 1978-2003 1.5 53,1
Tuwei 3294 393 1870 111 1956-1977 13.2
 1978-2003 9.1 31.1
Wang et al. (2009) Luergou 12 570 31.5 1982-1988 0.07 
 1989-2003 0.03 57.1
Yang & Liu (2011) & 
Zhang et al. (2008b) 
Yellow River  795000 466 1092 65.4 1961-1990 75.9 
 1991-2000 54.8 27,8
Zhang et al. (2008b) Huangfu 3211 394 1678 46 1959-1981 57.8 
 1982-2000 31.6 45.3
Gushan 1304 433 1803 62.4 1959-1978 83.0
 1979-2000 43.6 47.5
Kuye 9289 400 1693 71.6 1957-1978 84.6
 1979-2000 58.6 30.7
Jialu 1279 407 1602 59,1 1957-1977 82.6
 1978-2000 38.7 53.1
Shiwang 2327 537 1649 35.1 1959-1984 42.2
 1985-2000 23.5 44.3
Sanchuan 4123 463 1654 57.4 1957-1978 71.1
 1979-2000 43.7 38.5
Weifen 1548 492 1711 41.3 1956-1978 53.3
 1979-2000 28.7 46.2
Zhang et al. Zhifanggou 19 544 954 45 1955-1979 62.0
1980-2004 27.5 55.6 
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Figure 4.4: Dependency between catchment size and change rate in streamflow in the 
Loess Plateau region. The figure is based on data from the literature review of 13 
catchments (details/references given in Table 4.5). The change rate was calculated using 
the average streamflow in initial and transient periods of each catchment presented in 
Table 4.5. In function, R = streamflow change ratio, A = catchment size. 
4.3. Discussion 
4.3.1 The Impact of Climate Variables and Land Management 
Change on Streamflow 
Downward trends in precipitation and PET, as observed in the ZFG catchment, have been 
reported for various tributaries of the Yellow River Basin (YRB) (Liu and Yang, 2010; Liu et 
al., 2008). In our study, these climatic variables (precipitation and PET) presented a non-linear 
relationship with the changes in streamflow, which is consistent with the results reported by 
Yang and Liu (2011) and Zhang et al. (2011c). This non-linear pattern can be attributed to the 
complex interaction between climate, hydrological processes and watershed characteristics 
(e.g., soil, vegetation) (Liu and McVicar, 2012) and leads to the recent discussion on runoff 
sensitivity to climate change (Donohue et al., 2011; Roderick and Farquhar, 2011). Roderick 
and Farquhar (2011) developed a method for estimating the sensitivity of runoff to changes in 
climate and catchment characteristics (captured by parameter n), based upon the Budyko 
framework (Budyko, 1974). Liu and McVicar (2012) applied this method in the Yellow River 
Basin (YRB) and found that runoff is more sensitive to change in precipitation than to 
comparable change in PET, which is consistent with the results obtained by Roderick and 
Farquhar (2011) and Donohue et al. (2011) in a water-limited basin in Australia. In addition, 
the YRB showed larger changes in runoff due to catchment characteristics than the changes due 
to either precipitation or PET, which is likely as a result of land use change, associated with 
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increased land cover due to soil and water conservation measures and land management for 
more efficient agricultural water use practices (Liu and McVicar, 2012). The results are 
supported by these findings, the reduction in precipitation and significant changes of land cover 
(e.g., afforestation) and land management measure (e.g., terracing) were responsible for the 
decreasing streamflow in ZFG. 
4.3.2 Relative Effect of Individual Conservation Measure on 
Streamflow 
In general, soil conservation measures include both vegetation control (e.g., establishment of 
tree stands and pasture land on bare soil) and engineering works (e.g., terrace and check-dams). 
Engineering works affect the streamflow mainly through intercepting and converting the 
overland flow (Zhang et al., 2008b), whereas vegetation and vegetation management affect 
water consumption and soil infiltration (Wang et al., 2011b). Some types of vegetation (forest 
and bushland) can reduce the water yield mainly by increasing the evapotranspiration. The 
magnitude of such a reduction in water yield depends mainly on plant species, plant density, 
leaf area index, and biomass growth (Wang et al., 2011b). Changing the type of vegetation 
(plant cover with specific vegetation characteristics) or the stand characteristics (e.g., by 
thinning) will result in a different relative contribution of evaporation, transpiration, and 
interception to the total evapotranspiration (ETP). As a consequence, such changes in ETP will 
also lead to a complex change in water yield.  
In contrast to vegetation measures, the effect of terraces on water fluxes is more direct and 
immediate by enhancing infiltration and changing the runoff path (Huang and Zhang, 2004a). 
Thus far, the impact of vegetation control has been broadly investigated (Brown et al., 2005; 
Chen et al., 2007a) and simple methods for impact quantification have been developed 
(Donohue et al., 2012; Zhang et al., 2001). In our study, the relative role of each conservation 
measure has been assessed by a simple method using limited datasets, as such data are usually 
the only reliable information available on the soil conservation in the Loess Plateau region 
(Zhang et al., 2008b). Doing so, a reliable estimation of how an individual measure has 
contributed to the observed streamflow reduction could be given. The majority of terraces on 
the Loess Plateau are even and in good quality. Terraces in good quality can retain rainfall up 
to 200 mm in one rainfall event without causing surface water loss or soil erosion (Liu et al., 
2011). Therefore, the implementation of terraces enhances crop growth as more rainwater is 
available for the plants. In addition, the effect of using dams for creating newly leveled cropland 
may have a significant impact on streamflow. Similar to terraces, the implementation of dams 
increases the water storage capacity. The crop yield on reclaimed farmland with check-dams is 
typically 8 - 10 times higher than that of slope farmland. This is due to differences in water 
storage capacity and abundant nutrients in the sediment (Chen et al., 2007b).  
Another effective measure to reduce the erosive surface runoff and soil erosion is afforestation. 
Large-scale afforestation may lead to a dramatic drop in streamflow (Wang et al., 2011; Wang 
et al., 2011b). The decrease in streamflow due to afforestation rises with the increasing age of 
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trees (Jin et al., 2011; Wang et al., 2011b). By comparison, grassland and sloped cropland in 
ZFG produce more or less the same surface runoff (Table 4.4). Grassland was mainly 
established on steep slopes with a low degree of coverage. The coverage degree of grassland 
can notably affect the surface runoff coefficient if the covering degree is < 90% (Li et al., 2005). 
On the contrary, sloped farmland is usually built on gentle slopes and repaired regularly to 
reduce water loss. Furthermore, tillage is also a very common practice to loosen the topsoil 
(uppermost 15 - 20 cm) before sowing or after harvesting. All of these measures improve water 
retention in soils and promote the interactions between water and fertilizer (Liu et al., 2011) 
but reduce seepage and, therefore, streamflow formation. 
In consideration of their wide use and their high efficiency to hinder overland flow terraces 
appear to be the major trigger of the observed decline in streamflow of ZFG. The establishment 
of tree stands at terraces may have a strong additional potential to lower water yield in 
catchments if afforestation is performed in a large scale. 
4.3.3 The Impact of Climate Variables and Land Management 
Change on Spatial Scale 
In previous studies, streamflow decline in water-limited areas of China were mainly attributed 
to changes in climate (Tao et al., 2011; Zhang et al., 2011b; Zhang et al., 2011c), which is 
contrary to our results. This discrepancy might be due to the different size of catchments 
analyzed in different studies. Figure 4.4 demonstrates that the intensity of changes in 
streamflow due to changes in management and climate might depend on catchment size. In 
point of fact, a process that is crucial at one scale is not necessarily important at other scales 
(Sivapalan et al., 2003), it can be either compensated for or prevailed by other processes. 
Vegetation cover and landform can be easily altered in a large proportion at a small scale. This 
may reduce overland flow and, thus, become the main reason for streamflow decline. Our study 
object, ZFG, is a small catchment and management has been considerably modified to prevent 
soil erosion and sediment yield; the affected area accounted for 56%. At this spatial scale 
(hydrological micro- to mesoscale); the change in management has a larger impact on the 
streamflow than that caused by changes in climate. Our findings are supported by Zhang et al. 
(2008b), who reported that the implementation of soil conservation measures took the dominant 
control on streamflow reduction rather than precipitation change. 
The results presented in Figure 4 confirm the hypothesis by Blöschl et al. (2007). At the local 
scale, changes in land use/management have a larger impact on the water yield than changes in 
climate. Figure 4.4 clarifies also, that the hydrological response triggered by changes in land 
use diminishes significantly with increasing spatial scales and finally levels off (see Figure 4.4). 
At the large spatial scale, such as for the YRB, changes in climate may become the major 
driving force for changes in water yield while the impact of land use/management decreases. 
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4.4. Conclusion 
Water shortage is a common fact in northern China. Implementing soil and water conservation 
measures to control soil erosion and improve farmland production must also consider the off-
site impact on streamflow downstream. The statistical approach applied in this study was useful 
to identify the causes for the observed water yield reduction at the catchment scale. Our study 
shows that changes in land management, such as construction of terraces and check-dams, can 
significantly reduce the water yield (streamflow). Also, large-scale afforestation may have 
contributed to the decrease in streamflow due to the high water demand of forest stands in 
association with the ability of trees to send roots into deep soil layers. In previous studies, there 
were some contradictory conclusions on the Loess Plateau which is probably due to the fact 
that the scale transfer and different roles of land use/management and climate in varying scale 
had not been considered. As suggested by Blöschl et al. (2007) the impact of land management 
changes on streamflow decreases with increasing catchment size. In large river basins a change 
of climate (notably precipitation) appears to be more crucial. In small-sized catchments, 
changes in land management tend to be the main driving factors for changes in streamflow. The 
results indicate that at the local scale regulation/control of water yield can be achieved by a 
direct change in land management and vegetation cover. As an example, a way to increase the 
water yield might be to establish mixed pasture-crop-fallow rotation or to reduce tree stand 
densities. So far, it has not been systematically investigated if such measures may help to ensure 
water security at the local scale. Therefore, a quantitative distinction of the specific role of 
individual measures on controlling seepage/streamflow is essential and necessary for the 
adaption of land management for ensuring a sustainable development in the Loess Plateau 
region.  
 
 
 
Chapter 5 
Impact of Land Use and Climate 
Change on Baseflow 
5.1. Study Material and Methodology 
5.1.1 Catchment Description 
The Zhifanggou catchment (ZFG) was selected as study area (Figure 4.1). Apart from the 
description given in Chapter 4, additional information with respect to baseflow is given here. 
In ZFG, loess covers tertiary or other old geological strata. Loess is an aeolian, quaternary 
deposit, characterized by high content of silt-fraction particles (50 – 80%). The deposits have a 
relative high vertical permeability, are rich in carbonates, homogeneous, porous, and are non-
stratified (Huang and Pang, 2011; Shangguan and Zheng, 2006). Shallow groundwater 
(unconfined aquifer) exists in the whole watershed. The water table under the ground depends 
on the topography, which is 10 – 80 m in the upland area due to thick loess mantle, and 2 – 5 
m in the valley. In contrast to the shallow aquifer, the deep groundwater (cretaceous pore and 
fracture water in conglomerate) only exists in the midstream area of the catchment (approx. 7 
km²). The water table is located at about 185 m beneath the valley and has a faint connection 
to rain and fluvial water, thus called “ancient water”, a term that was suggested by a 
groundwater survey report in 1998. Farmland accounts for 47.8% of land area in ZFG, followed 
by grass (28.2%), forest (14.8%) and others (9.2%) in 2004. Up-to-date agricultural irrigation 
has not been applied in ZFG. 
In order to provide clear evidence as to which measure (land form or cover change) has more 
profound impact on baseflow variation, another small catchment which was subject to a large-
scale afforestation was investigated for comparison. Songyugou (SYG) is a typical gully 
forested small catchment with an area of 3 km² and elevation of 900 – 1200 m asl. The mean 
annual precipitation and temperature is 523 mm and 9.8 °C. Loess deposits cover the surface 
of the catchment with varying depths depending on the location. In this context, SYG has a 
comparable geological and topographical condition as ZFG. Different from ZFG, woodland 
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occupies 90% of land cover composed by Pinus tabulaeformis (planted) and Populus davidiana 
(natural). The afforestation with Pinus tabulaeformis was conducted during the period of 1964 
– 1966. Thus, the runoff and baseflow of SYG can be considered as a reference of a long-term, 
rather stable state of an afforested watershed. 
5.1.2 Baseflow Separation 
To separate baseflow from the measured flow hydrograph, two techniques are commonly used: 
manual graphical separation and automatic separation using computer program. The former is 
subjective and difficult to apply in a large amount of data, while the latter could imitate the 
manual separation according to physical reasoning and smoothing (Eckhardt, 2008). In this 
work, three automatic methods, namely local minimum (Sloto and Crouse, 1996), recursive 
digital filters BFLOW (one parameter digital filter) (Arnold et al., 1995) and the two parameter 
digital filter by Eckhardt (2005) were used to separate baseflow. The local minimum method 
(LM) checks the local minimums by comparing hydrograph slopes and the baseflow is then 
estimated by linear interpolation (Lim et al., 2005; Sloto and Crouse, 1996). In recursive digital 
filters BFLOW and Eckhardt, the signal processing procedure to separate high and low 
frequency signals was applied, which was actually first proposed by Lyne and Hollick (1979). 
Since then it was employed by many other researchers in baseflow separation (Arnold and Allen, 
1999; Eckhardt, 2005; Nathan and McMahon, 1990). Detailed information on BFLOW and 
Eckhardt is given by Arnold et al. (1995) and Eckhardt (2005).  
These three automatic methods were used to disaggregate the baseflow from the daily discharge 
at the outlet of ZFG from 1962 to 2002 (data after 2002 is not available). There are data gaps 
(1970 – 1973) in the daily discharge records due to discontinued measurement. These years 
without records were therefore eliminated from the period analyzed. Daily precipitation records 
were obtained from the Pingliang Soil and Water Conservation Institute. Furthermore, daily 
discharge data from 2004 to 2006 at SYG (data before and after this period is not available) 
was also used for baseflow separation and Baseflow index (BFI) calculation. 
5.1.3 Recursive Digital Filters 
The recursive digital filter technique was firstly implemented by Nathan and McMahon (1990) 
for baseflow analysis. The hypothesis was that filtering baseflow (low frequency signal) from 
surface flow (high frequency signal) is comparable to filtering of low frequency signals in signal 
processing. Although this technique has no true physical basis, it is objective and reproducible; 
moreover, gives comparable accuracy in results using other automated model and manual 
separation (Arnold et al., 1995). The one parameter equation is given as: 
                                                              k k kQ f b                                                              (5.1) 
                                                1 1
1
2k k k k
f f Q Q
  

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where bk ≤ Qk; Q, f and b are stream flow, direct flow (also quick flow), and baseflow; k is time 
step number; α is filter parameter defined as recession constant.  
Eckhardt (2005) proposed another two parameters equation based on the improvement of 
Chapman (1991) on the algorithm of Lyne and Hollick (1979). It can be given as: 
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subject to bk ≤ Qk, where α is the recession constant; BFImax is the maximum value of the 
baseflow index. The value of the BFImax could be obtained if a constant time series is filtered; 
they are suggested as BFImax = 0.8 for perennial streams with porous aquifers, BFImax = 0.5 for 
ephemeral streams with porous aquifers, and BFImax = 0.25 for perennial streams with hard rock 
aquifers (Eckhardt, 2005; Eckhardt, 2008). The filter parameter/recession constant α can be 
determined by 
  1k kb b   (5.5) 
 
t
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
    (5.6) 
where ∆t is the length of time step and τ is the characteristic time constant. 
The filter program BFLOW can be downloaded (http://swat.tamu.edu/software/baseflow-filter-
program/) while the LM and Eckhardt programs are available in a web-based hydrograph 
analysis tool (WHAT) (https://engineering.purdue.edu/~what/). For determining the BFImax 
parameter of the Eckhardt filter, the recession curve analysis tool in WHAT was applied.  
5.1.4 Soil Moisture Monitoring 
Two plots (one Robinia pseudoscacia (black locust) plantation stand and one natural grass stand) 
were established for soil moisture monitoring in Zhonggou (measurement in ZFG was not 
feasible due to lack of appropriate device). Zhonggou is a climatic, geologic and topographic 
comparable small catchment in close vicinity to ZFG. R. pseudoscacia is the most widely 
afforested tree species on the Loess Plateau. The forest stand comprises mature trees (> 20 years) 
with an average height of approx. 11.8 m and mean diameter at breast height (DBH) of 10.7 
cm, and shrub and herbaceous understory. The two plots are situated next to each other at 
similar slope position (residual loess tableland) with similar aspect (southwest). The inclination 
of the Robinia stand is very small (2° – 3°), while it has a slight slope gradient for grass (< 10°). 
The soil was classified as Calcaric Regosols with a silt loam texture (> 80%).  
For measuring the soil moisture dynamics, we established a wireless sensor network (FZ Jülich, 
Germany) with spade sensors (sceme.de GmbH, Germany) (Figure 5.1). The spade sensor is a 
time domain transmission (TDR) sensor and consists of a sensor head and a transmission line 
that allows measuring both the volumetric water content and temperature. The measurement 
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resolution is 0.01 (L3L-3). In addition, we measured the soil pressure head using pF-meters 
(ecoTech, Germany) under the forest and grass as references. The used pF-meters allow 
measuring soil pressure head from pF 0 to pF 7 within a soil temperature of -40 – 80°C at a 
resolution of 0.01 pF and 0.1°C, respectively. Soil moisture and pressure head values were 
automatically recorded every 30 min. Open land precipitation and throughfall under the forest 
were measured at the same time by an automatic tipping bucket system with heating (Lambrecht, 
Germany) and tipping bucket rain gauge (UGT, Germany). Precipitation was collected by a 
data logger every 60 min. In this study, daily precipitation and soil moisture and pressure head 
at 4 depths (20, 40, 60, 80 cm) were used for analysis. The daily precipitation is a sum of hourly 
measurements and the daily soil moisture is an averaged value of the half-hourly sensor records 
at a given depth. In order to eliminate the influence of porosity on soil water content, the relative 
soil saturation (here defined as the ratio of daily volumetric water content and the maximum 
volumetric water content measured at a given depth during the study period) was used. For this 
study, we used the measurements from May 2012 to September 2013. The soil water tension 
was measured throughout the duration of the study period; however, during the winter, 
measurements of soil water contents were not feasible. Obvious errors due to malfunction of 
the sensors were omitted. For this reason, we assume that the data presented in this study is 
accurately measured. 
Figure 5.1: Design of the wireless sensor network for monitoring soil moisture dynamics. 
5.1.5 Trend Analysis 
In order to identify the monthly trends of hydrological and climatic variables during the period 
1962 – 2002, the Mann-Kendall (M-K) (Hamed, 2008) test was employed on precipitation (P), 
potential evapotranspiration (PET), runoff (R), and baseflow (BF). The monthly precipitation 
is a sum of daily precipitation that was calculated by the fractal area control of each rain gauge 
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(Figure 4.1). The monthly potential evapotranspiration was calculated using maximum, 
minimum temperature, and solar radiation following Hargreaves and Allen (2003), since the 
use of Penman-Monteich was hampered without relative humidity and wind speed data. To 
specify the significance in the variations of these variables, both the Z statistic (corresponding 
at a certain significance level) and slope (average annual change) were calculated. For 
implementation, a significance level of 5% was chosen, which corresponds to a value of |Z| = 
1.96. Any |Z| > 1.96 will be regarded as significant.  
5.2. Results 
5.2.1 Trends in Hydro-meteorological Variables 
Table 5.1 presents the means and temporal trends of precipitation (P), potential 
evapotranspiration (PET), runoff (R), and baseflow (BF) for the study period of 1962 – 2002. 
For meteorological variables, the variation of precipitation in January (upwards), February 
(upwards), and September (downwards) showed significant trends with a slope of 0.2, 0.2, and 
-2.7 mm y-1 over the study period. Similar to precipitation, the variation of PET did not show
significant tendency except in September (upwards) and November (upwards) at an average
rate of 0.78 and 0.29 mm y-1. Precipitation in May, July and September present a decreasing
trend while June has an increasing tendency. This suggests an overall decreasing trend of
precipitation during the wet season over the last four decades. On the contrary, the PET showed
a tendency of increasing over the wet season.
Table 5.1: Monthly means and temporal trends of precipitation (P), potential 
evapotranspiration (PET), runoff (R) and baseflow (BF) for the study period 1962 – 
2002. Any |Z| > 1.96 is considered as significant change and marked with *. Positive 
values indicate upwards trend while negative values indicate downwards trend. 
n=37 
Mean value (mm) Z statistic Slope (mm y-1) 
P PET R BF  P PET R BF P PET R BF
Jan 4.5 62.6 0.05 0  3.45* 0.93 0.97 0 0.20 0.15 0 0 
Feb 5.3 77.6 0.50 0.17  2.55* 0.59 0.07 -1.03 0.20 0.13 0 0 
Mar 15.3 113.5 1.37 0.52  1.12 1.20 -1.28 -2.11* 0.20 0.23 0 0 
Apr 32.7 134.7 1.66 0.71  -0.55 0.26 -1.18 -2.64* -0.13 0.09 -0.01 -0.01
May 47.3 139.4 1.7 0.61 -0.95 0.78 -1.26 -1.67 -0.41 0.09 0 0 
Jun 64.3 133.9 1.86 0.52  1.77 -0.14 -0.34 -0.48 1.14 -0.03 0 0 
Jul 123.5 139.5 8.67 2.01  -0.56 1.70 -3.23* -4.17* -0.70 0.18 -0.27 -0.09
Aug 98.5 146.2 7.07 2.03  0.04 0.18 -2.00* -2.11* 0.01 0.02 -0.13 -0.03
Sep 86.1 135.6 9.06 3.51 -3.23* 4.05* -3.10* -2.71* -2.70 0.78 -0.29 -0.09
Oct 36.3 119.7 5.58 3.25  0.03 0.65 -3.51* -3.68* 0.01 0.14 -0.15 -0.05
Nov 12.4 87.7 2.38 1.27  -0.84 2.03* -2.90* -2.92* -0.12 0.29 -0.04 0 
Dec 4.2 66.7 0.92 0.31  1.94 1.54 -1.91 -2.00* 0.11 0.22 0 0 
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In contrast to the predominantly insignificant changes in meteorological variables (P and PET), 
the monthly runoff reveals a continuous declining trend covering most of the year (from March 
to December) with a rate varying from 0 to -0.29 mm y-1. Among those months, the reductions 
of runoff from July to November were statistically significant (Table 5.1). If the data on stream 
discharge is stratified into wet season (May – September) and non-wet season (October – April), 
we can see that the reduction of runoff is more severe during the wet season than the dry season 
in terms of average slope, but vice versa in terms of magnitude (Z statistic). This is because 
there is higher water availability during the wet season. 
5.2.2 Variation in Baseflow and BFI 
For detecting the variation of baseflow over the study period, the baseflow was separated from 
the hydrograph (Figure 5.2) and then aggregated on a monthly and annual basis. For Eckhardt, 
BFImax = 0.8 was chosen based on 15 storm events recession curve analysis. As presented in 
Figure 5.3, BFLOW and Eckhardt produced very similar results for baseflow and BFI, while 
LM behaved somehow out of order after 1985. This might be related to the simple linear 
interpolation in LM without considering flow duration. Despite discrepancy in results of 
baseflow separation, all of the three methods discovered an identical fact that baseflow quantity 
has largely decreased in ZFG (Figure 5.3). To base the discussion on adequate results, only the 
averaged values of Eckhardt and BFLOW were considered for the analysis discussed below. If 
we observe on a decadal scale, it becomes evident that the average annual baseflow has 
decreased. The reductions account for 2.1 (8%) and 2.3 mm (9%) in the 1970s, 12.4 (47%) and 
13.0 mm (48%) in the 1980s, and 23.9 (91%) and 24.8 mm (92%) in the 1990s in comparison 
to the 1960s (Table 5.2). In contrast to baseflow quantity, BFI showed a less significant 
magnitude in decline; it declined by 4 - 5%, 15 - 17%, 63 - 70%. By average over the course of 
the study period, the largest monthly baseflow (3.5 mm) and BFI (0.66) occurred in September 
and October, while the lowest was in January (0). Due to the limited data availability (3 years), 
only the average annual baseflow and BFI were calculated for SYG (Table 5.3). About 18% - 
20% of the average annual runoff was contributed from baseflow, which corresponds to 0.19 - 
0.22 mm in baseflow quantity due to extremely low annual runoff from the afforested catchment. 
In order to observe to what extent the baseflow varied at catchment scale in ZFG, the M-K test 
was applied on monthly and annual baseflow. A significant downward trend was detected in 
annual baseflow with an estimated rate of -0.48 mm y-1. Surprisingly, on a monthly basis, the 
baseflow showed a differing falling trend in all of the months except in January (Z statistic in 
Table 5.1). Moreover, it should be noted that 8 of the 11 months appeared to be statistically 
significant in reduction, which are even more severe than in runoff. The most critical reduction 
of baseflow appears in July with a magnitude of -4.17 and a mean slope of -0.09 mm y-1, in 
which the highest monthly precipitation falls. In order to find out whether there is a specific 
period or month in which baseflow subsided largely, the magnitude of monthly baseflow 
reduction (Z statistic) along the time is presented in Figure 5.4. It is evident that the baseflow 
in July started a noticeable decline since around 1981, while the reductions of baseflow in other 
months occurred in the late 1980s (September to December) or early 1990s (March to May). 
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Figure 5.4: The variation of monthly baseflow (upper figure) and annual (lower figure) 
precipitation (red line) and baseflow (blue line) for the Zhifanggou (ZFG) catchment 
during the period 1962 – 2002. The dotted lines |Z| = 1.96 correspond the threshold value 
of significance level at 5%. Any |Z| > 1.96 is regarded as significant trend. 
Table 5.2: Average annual and monthly baseflow (BF) and baseflow index (BFI) changes 
during the period 1962 – 2002 based on two baseflow separation methods. 
Period Methods Average  Baseflow Index (BFI) 
annual 
BF (mm) 
Average 
annual Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1962-
1969 
Eckhardt 26.4 0.463 0 0.152 0.390 0.636 0.518 0.474 0.344 0.416 0.442 0.632 0.791 0.500
BFLOW 26.9 0.472 0 0.122 0.388 0.698 0.533 0.474 0.334 0.406 0.443 0.675 0.867 0.538
1974-
1980 
Eckhardt 24.3 0.444 0 0.415 0.475 0.424 0.275 0.222 0.229 0.378 0.429 0.618 0.610 0.689
BFLOW 24.6 0.449 0 0.426 0.489 0.426 0.258 0.200 0.204 0.370 0.430 0.645 0.646 0.695
1981-
1990 
Eckhardt 14.0 0.393 0 0.043 0.142 0.171 0.084 0.054 0.059 0.115 0.218 0.495 0.371 0.365
BFLOW 13.9 0.390 0 0.120 0.410 0.423 0.228 0.130 0.141 0.238 0.434 0.757 0.570 0.848
1991-
2002 
Eckhardt 2.5 0.170 0 0 0.138 0.111 0.131 0.157 0.154 0.223 0.154 0.159 0 0 
BFLOW 2.1 0.141 0 0 0.107 0.078 0.099 0.128 0.123 0.198 0.122 0.130 0 0 
1962-
2002 
Eckhardt 14.9 0.402 0 0.388 0.430 0.510 0.374 0.292 0.244 0.319 0.415 0.642 0.631 0.633
BFLOW 14.9 0.402 0 0.395 0.437 0.539 0.370 0.276 0.222 0.303 0.414 0.673 0.673 0.657
Year
Z
 s
ta
tis
ti
c
Z statistic
Time series / Year
Month
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Table 5.3: Baseflow index and averaged runoff coefficients in the two analyzed small 
catchments (ZFG and SYG) in the Loess Plateau region. 
Catchment 
Size 
(km²) 
Main land 
use 
Average annual 
precipitation 
(mm) 
Average annual 
runoff (mm) 
runoff 
coefficient 
BFIEKH BFIBFLOW 
Zhifanggou 19 Agriculture 550 40.8 0.074 0.402 0.402 
Songyugou 3 Forest 465 1.1 0.0024 0.203 0.177 
5.2.3 Soil Moisture Dynamics under Forest and Grass 
The temporal dynamics of the relative soil saturation in forest and natural grassland plots are 
shown in Figure 5.5. The precipitation in 2013 was higher than in 2012. Accordingly, the 
relative water saturation of the soil on both plots was generally higher in 2013 than in 2012. 
Referable to the fact that the maximum daily volumetric water content was observed on 23 July 
2013 as a result of two extreme rainfall events, the relative saturation at each soil depth reached 
100% that day. At every measuring depth, there was a more or less parallel, but also visible 
differing trend in the degree of saturation under the grass and forest. In general, the rising of 
the saturation degree appears only if there was a large amount of precipitation (> 10 mm). The 
relative soil saturation increased rapidly during rainfall and dropped subsequently at a slightly 
slower rate. In addition, the variability of the relative soil saturation diminished with increasing 
soil depth. The soil moisture monitoring revealed that at the beginning of the vegetation period 
of 2012 and 2013, forest possessed higher relative soil saturation than grass at depths of 20 and 
40 cm (Figures 5.5a, 5.5b, 5.5e, and 5.5f). During spring, the Loess Plateau region is usually 
very dry. Due to the exposure, wind and solar radiation can remove more water from grassland, 
while forest has better sheltering due to canopy and shading effect. Nevertheless, a closer 
inspection of Figure 5a clarifies that the total water uptake from the topsoil under forest is 
significantly higher than under grass because the canopy and the understory consumed soil 
water. In addition, a pronounced decline in relative saturation at depths of 60 and 80 cm from 
June onwards was observed under the forest. At this time, the canopy was fully developed and 
the trees took up water from deeper soil to satisfy the evaporation demand of the atmosphere. 
This circumstance could also be interpreted by the results of soil pressure head. 
Different from the purpose of soil water content observation, pressure head is useful to quantify 
the tendency of water fluxes movement within the soil. Moreover, small changes in soil water 
content trigger large changes in soil pressure head. Therefore, soil pressure head measurements 
are more sensitive with regard to the identification of changes in soil water conditions. We can 
see that the soil pressure head in deep soil (60 and 80 cm) of the forest plot is much higher than 
that of the grass plot over the entire observation period. This is due to the higher water 
consumption of trees for evapotranspiration, which is consistent with the results of soil water 
content, while the soil pressure heads in the upper soil layers at both sites are similar (Figure 
5.6). In the shallow layers (~ 40 cm), soil is replenished when heavy precipitation falls and 
accordingly the soil pressure head drops quickly, which suggests a high permeability of the 
loess soil. The similar trends in reaction to precipitation can also be observed in the deeper soil  
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Figure 5.5: The dynamics of relative soil saturation at four different soil depths of forest 
and grassland plots during the wet season of 2012 and 2013 in a comparable small 
catchment near the Zhifanggou (ZFG) catchment. 
layers (to 80 cm), but less sensitive compared with upper soil layers. During the period without 
rainfall or between two precipitation events, the soil water tension increased significantly under 
forest throughout the whole soil profile, indicating the deficiency of soil water to meet the 
higher water consumption demand of forest with deeper root distribution. In comparison, the 
reaction under grass was less profound, particularly in deep soil layers (60 and 80 cm) where a 
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low soil water tension over the whole study period occurred showing a continuously good soil 
water availability at deeper depths. If we take the pressure head at pF 2.5 equivalent to the field 
capacity for the loess soil, we can detect that the deep soil depth (> 60 cm) of the forest plot has 
rarely reached field capacity while this happened more frequently in all soil layers in the 
grassland plot and the topsoil layers of the forest plot. 
Figure 5.6: The soil water tension curves at four different depths of forest and grassland 
plots in 2012 and 2013 in a comparable small catchment near the Zhifanggou (ZFG) 
catchment. The horizontal lines indicate the pF value (pF 2.5) at field capacity. The 
values of tension are absolute values that means the higher the value, the drier the soil is. 
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5.3. Discussion 
5.3.1 Impact of Climate and Human Activity on Baseflow 
The results suggest that baseflow in ZFG has severely declined during the period of 1960 – 
2002. The analysis of precipitation (P) and potential evapotranspiration (PET) did not show 
significant change during this period except 2 or 3 months. Significant changes in both P 
(decrease) and PET (increase) were only detected in September (Table 5.1), which resulted in 
substantial declines in runoff and baseflow. In other months, such as March, April, July, August, 
and October, there was considerable baseflow reduction without any critical variation in climate. 
This is likely a result of human activities (e.g., change in land use related to soil conservation 
measures). Chapter 4 examined the variability of annual streamflow in ZFG and attributed the 
eminent reduction mainly to land use change rather than climate change. The investigation of 
baseflow is in agreement with the conclusion of the previous study. It should be highlighted 
that the earliest year with a notable baseflow reduction in July (Figure 5.4) coincided with the 
abrupt change point (year) of annual streamflow around 1980 as identified in Chapter 4.  
The response of baseflow to changes in climate and land surface characteristics is slower than 
surface fluxes depending on seepage and storage processes and thus may be regarded as delayed 
water resources. So far, research on the baseflow recession and groundwater residence in the 
Loess Plateau region remains limited. Zhu et al. (2010) estimated the groundwater recession 
rate and residence time based on the analysis of 10 catchments in the Wudinghe Basin. They 
presented a range of recession rates of 0.723 - 0.886 during the flood season and 0.88 - 0.957 
in the non-flood season with an overall residence time between 34 and 105 days for the loess 
area. These results coincided with our analysis of recession constant between 0.628 - 0.962 in 
ZFG indicating a comparably rapid baseflow recession process and short residence time. In 
ZFG, the deep groundwater (confined aquifer) exists in thick and relatively impermeable 
cretaceous conglomerate in a small area far beneath the valley (> 180 m), whereas the 
unconfined shallow aquifers appear in the whole catchment. Due to the favorable permeable 
properties of the loess soil (Huang and Pang, 2011; Shangguan and Zheng, 2006), the short and 
intense rainstorms in summer can lead to rapid rise of the water table in shallow aquifers and 
subsequently contribute to baseflow together with interflow at a high recession rate. This also 
explains the steep slope of the baseflow hydrograph. In the non-rainy season, there is almost no 
infiltration in soil and thus no groundwater recharge occurs. Under this condition, it appears 
that the baseflow in ZFG is mainly sourced from the shallow unconfined and unsaturated zone, 
where the circumstance is vulnerable to disturbances (such as increasing water consumption 
from shallow unconfined and unsaturated zone).  
The finding that the annual baseflow has substantially declined confirms the investigations in 
other watersheds on the Loess Plateau (Dou et al., 2009; Huang and Zhang, 2004a). They 
reported that the baseflow quantity was reduced with increasing implementation of soil 
conservation measures. On the other hand, inconsistent with their discovery of increasing BFI, 
our results gave evidence of decreasing BFI. One of the reasons for this inconsistency might be 
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related to the contrasting catchment size of the various studies. The larger the catchment, the 
longer river network it usually has. Thus, more time is needed before a considerable part of 
streamflow arrives at the outlet. The loess soil on the Loess Plateau has a relative high 
permeability (steady rate can attain 0.5 – 1.4 mm min-1) (Shangguan and Zheng, 2006). 
Therefore, at the larger basin scale, a higher proportion of surface water will infiltrate and 
contribute to groundwater recharge until finally showing up as baseflow at the river gauging 
station. In addition, apart from vertical infiltration in soil, other hydrological processes are 
possible to be involved in larger watersheds, such as surface flow recharge through deep valleys 
or cleavages that are well developed in the loess deposit. This has been shown by tritium 
analysis in the groundwater aquifers of the Loess Plateau (Lin and Wei, 2006). It is therefore 
reasonable to expect higher BFI in larger sized catchments. In small catchments, like ZFG, such 
a process is likely to be largely precluded and thus reflects more realities in the changes of the 
baseflow and BFI. 
5.3.2 Effect of Landform vs. Land Cover Change Measures 
The soil conservation measures applied in the Loess Plateau region were grouped into two 
categories according to their functions. Land cover change (tree and grass plantation) reduces 
water and sediment yield by enhancing land surface roughness and infiltration; landform 
change (terrace and check-dam construction) prevents soil and water losses by intercepting 
overland flow and modifying runoff paths (Huang and Zhang, 2004a; Zhang et al., 2008b). 
Whether these measures positively or negatively affect baseflow formation is still a matter of 
dispute.  
To make a proper discussion on this topic, the elaboration focuses on the changes of 
hydrological regime/baseflow related processes by landform and land cover change measures, 
as well as the consequences of these modifications. ZFG is a small catchment dominated by 
cropland farming and nearly 56% of total area has been under the influence of conservation, 
73% of which is implemented by landform modification (Zhang et al., 2014). Terraces were 
established aiming to improve both the agricultural production and the environmental 
restoration. By lessening slope inclination, a terrace is able to store and retain much more 
rainwater than sloping land and facilitates interactions between water, nutrients and plants (Liu 
et al., 2011). It is well known that loess profiles have a very large water storage capacity due to 
the typically high porosity and thickness of loess layers in the Loess Plateau region. Loess can 
easily retain a total precipitation of 400 – 600 mm only within a few meters (Shangguan and 
Zheng, 2006). Furthermore, this ability of loess enables water supply from deep storage to 
promote crop growth during periods with less rainfall. As a result, the terrace produces much 
higher crop yield because of more water availability; at the same time, this will increase 
transpiration of the crop vegetation (Chen et al., 2007b; Liu et al., 2011). On the other hand, 
due to the high water retention of terraces, they tend to limit the deep drainage at some sites, 
such as the lower part of slopes, depressions and waterways, thus resulting in less baseflow.  
Compared to terraces, dams are usually built at the bottom of a valley for trapping the sediment 
from upland areas until finally turning into levelled farmland. Accumulated sediment supplies 
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abundant nutrients for better yielding crops which in return consumes a large amount of water 
out of riparian aquifers, and leads to reduced baseflow (Smakhtin, 2001). In ZFG, most of the 
terraces and damland were constructed in the 1970s and 1980s, during which the baseflow 
(quantity and BFI) was lowered; however, the extent was less profound. The most noticeable 
reduction of baseflow appeared in the 1990s, which coincides with implementation of other 
conservation measures, mainly extending woody and grassland areas. In spite of a small 
proportion of afforestation (14.8% by 2004) in the total land use of ZFG, it might still be partly 
contributed to the striking reduction of baseflow after 1990 due to the high potential of 
increasing evapotranspiration. Apart from this, other factors, such as increasing water pumping 
from the shallow aquifer for domestic use, must be considered as well. 
Another interesting finding is that the afforested study catchment (SYG) has a lower averaged 
BFI value than the agriculture-dominated study catchment (ZFG) implying less deep drainage 
for baseflow (Table 5.3). In addition, if we compare the ratio of runoff / precipitation (runoff 
coefficient), surprisingly the mean runoff coefficient in ZFG is 30 times higher than in SYG, 
indicating a much higher evapotranspiration ability of tall vegetation than short ones. Similar 
situations were also reported in other regions of the Loess Plateau. Huang and Pang (2011) 
estimated the drainage rate following land use change at Guyuan and Xifeng. They found that 
conversion of natural grassland to terrace for agriculture reduced the drainage rate by 45%, 
while conversion of arable land to apple orchard caused deep soil desiccation. Gates et al. (2011) 
measured the deep drainage under plantation and cultivated terrace at catchment scale using 
unsaturated-zone chloride concentration and matrix potentials and found that cultivated terrace 
is likely to maintain deep drainage with a rate of 11 – 18% of mean annual precipitation, 
whereas there was no obvious vertical water fluxes transfer under tree plantation. Our soil 
moisture observation under the tree plantation and grass also suggested comparable results 
(Figures 5.5 & 5.6).  
The minimum and maximum soil water contents we received for the upper soil are quite close 
to the values corresponding to the saturated water content (pF 0) and permanent wilting point 
(pF 4.2). This indicates that both depletion and replenishment of soil water took place in the 
upper soil during the wet season. The soil water was supplemented only if there was 
precipitation and the larger the precipitation, the deeper the replenishment occurred. In the 
upper soil layer, the loss of soil moisture is mainly driven by atmosphere evaporative demand, 
and the loss of the soil water increases linearly with increasing soil water availability (Wang et 
al., 2012b). In comparison with woody plant, grass is less capable of protecting the soil from 
solar radiation and results in more water loss through direct evaporation than forest (Wang et 
al., 2012b), which can also be supported by the higher temperature in the shallow soil layers of 
the grass plot in our study. However, with the increase of soil depth, the water loss from 
evaporative demand decreases, whereas the water absorbed by deep roots of woody plant for 
transpiration increases; this is in concord with the lower relative soil saturation in the deep 
layers of the forest plot (Figure 5.5). In the Loess Plateau, the maximum depth of precipitation 
infiltration ranges between 0 and 1–3 m, depending on the plants growing in soil (Chen et al., 
2008; Shangguan and Zheng, 2006). The consecutively high water tension in the soil layers > 
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60 cm of forest plot over the two wet seasons gives evidence that almost no effective water 
compensation by precipitation infiltration occurred below this depth, except for one or two 
extreme rainfall events. This implies long-term insufficiency of water in the deep forest soil 
layers, restricting deep drainage for enhancing baseflow. Similar findings were also given by 
other soil moisture studies on the Loess Plateau. Wang et al. (2012b) measured soil water 
dynamics under typical vegetation within 1 m and found that subshrub and grass could sustain 
a moderate soil water level while shrubs and plantation forests only to a low degree.  
For sustaining a reliable baseflow discharge, the shallow unconfined aquifer needs to be 
recharged with a sufficient water amount. The observation indicates that the precipitation 
infiltration and overland flow retained by forests can only move to a certain depth and thus is 
unlikely to contribute to the baseflow. Soil desiccation (dried-up soil layer) is a unique 
phenomenon in the semi-arid and semi-humid region of the Loess Plateau, which results from 
enduring deep soil water depletion due to artificial plantation and insufficient precipitation 
(Chen et al., 2008). Li et al. (2008) measured soil moisture in 0 – 10 m of 23 types of planted 
trees in the Loess Plateau. Their results showed that the average soil moisture in artificial forest 
was 10.8% and obviously lower than in the natural grassland. They suggested that there is a 
dried soil layer under the forest below 3 m and the thickness of the desiccated soil layer may 
be ≥ 8 m in forest, which is consistent with the investigation of Li (2001) and Chen et al. (2008). 
Another investigation on the dried soil layers in different climatic regions found that land use 
has significant effect in the semi-arid and semi-humid region and that the range of dried soil 
layer (intensity and thickness) largely depends on plant species and age, as well as soil type 
(Wang et al., 2011a). 
In summary, the underground water recharge seems only to occur during heavy rains. Soil 
conservation measures have modified land cover and form. In particular, terrace and damland 
could intercept precipitation and overland flow effectively to supply water for agricultural 
production lowering groundwater recharge in other sites; nevertheless, they can still sustain a 
certain level of seepage / recharge. In contrast, trees take up a large amount of water during the 
growing season, especially from the deep soil. This results in a long-term drying up and almost 
non-replenishable deep soil layer, hindering groundwater recharge. Therefore, baseflow has 
significantly reduced since the implementation of soil conservation measures. In comparison, 
climate change appears to play a minor role. 
5.4. Conclusion 
Baseflow is an essential indicator for delivering the information of recharge and recovery of 
the groundwater (shallow and deep) at a certain temporal and spatial scale. At catchment scale, 
baseflow is a complex hydrological component, which is affected by considerable physio-
graphic factors including climate, topography, soil and land cover. Changes at the landscape 
scale would have some potential critical impacts on baseflow, especially in arid environments. 
Increasing demand of water resources for socio-economic development in NW China has 
aggravated the tension of water use conflicts between environment health and human needs. 
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The analysis in this study revealed that implementation of soil conservation measures has 
triggered severe baseflow (volume and BFI) reduction on the Loess Plateau, in addition to 
significant runoff reduction. With respect to different measures, building of terrace and check-
dam (engineering means) modify the spatiotemporal distribution of the water fluxes and 
enhance the water supply for agriculture, which tend to decrease the deep infiltration in some 
parts of the catchment and the portion of groundwater recharge for baseflow. In comparison, 
according to our observation, afforestation (biological means) reduces the subsurface 
infiltration and baseflow to a larger extent by enhanced water consumption so that a rarely 
replenishable soil layer appears at 80 cm under the ground, which implies the existence of an 
enduring dry soil layer in the lower depth. This can be mainly attributed to the greater 
evapotranspiration of woody plants and their ability to access more water storage in the subsoil 
through deep root penetration, which in turn hampers the vertical soil water infiltration. 
Afforestation is an encouraged measure in the policy against soil erosion in many regions 
worldwide due to the diverse environmental (e.g., carbon sequestration) and economic (wood 
products) benefits. Our study hints that regional water supply (security) should be taken into 
account for environmental restoration, otherwise severe water depletion can occur, threatening 
ecosystem health and sustainable regional development, particularly in water-limited 
environments. Nevertheless, it should also be recognized that the understanding of the dominant 
factors affecting baseflow formation on the Loess Plateau and other similar arid and semi-arid 
areas is still limited. In addition to soil water monitoring on plot scale, research of baseflow on 
catchment scale using isotope and tracer methods is necessary and should be encouraged. Such 
approaches provide valuable information about baseflow on larger spatial scale. Furthermore, 
such knowledge is also useful for modeling of regional water cycle and related processes. In 
addition, we have to be aware that research on optimizing land use (structure and function) to 
mediate and balance various aspects in land (e.g., soil erosion) and water resources (adequate 
water supply) management of the Loess Plateau is of great importance and needs to be promoted 
in the future, such as proper plant species and combination according to climatic and soil 
characteristics, management strategies (e.g., density and productivity control, or designed 
rotation) that can maintain or improve subsurface water infiltration and decrease soil erosion.
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6.1. Study Material and Methodology 
6.1.1 Watershed Description 
The upstream area of Jinghe Basin is located in the southwest of the basin above Jingchuan 
gauging station (106˚11' - 107˚21'E, 35˚15' - 35˚45'N). Originating from the Liupan Mountain 
(Jingyuan County, Ningxia province), the Jing River flows through Pingliang City and extends 
to Jingchuan County (Gansu province), covering an area of 3,082 km2. In geomorphological 
terms, the upper Jinghe watershed is featured by the transition from a rocky mountainous area 
to the Loess Plateau, encompassing an elevation drop from 2,898 to 1,022 m asl from the west 
to the east (Figure 6.1). Of the total upper watershed, 39% is mountainous rocky terrain; 
whereas 61% of the area is covered by loess deposits with more than 50 m in depth. The climate 
in the upper Jinghe watershed is mainly controlled by a southeast summer monsoon and the dry 
and cold winter high-pressure, therefore presenting a distinct spatial and temporal variability of 
precipitation and temperature within the watershed. The average annual precipitation and 
temperature are 614 mm and 6.5 °C in the mountainous area, and 475 mm and 8.8 °C in the 
loess area, respectively. About 70% of rainfall occurs during the summer season (June to 
September), often in the form of rainstorms. The average annual runoff observed at the 
Jingchuan station (the outlet of the upper Jinghe watershed) during the period 1979 – 2010 was 
56.7 mm. 
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Figure 6.1: The location of the upper Jinghe watershed (Loess Plateau, NW China). 
The upper Jinghe is an important source of water for a vast area in the Loess Plateau. In the 
past half century, the watershed underwent intense land cover variations due to soil 
conservation activities. Woody and grass plantation and construction of check dams have been 
taking placed in the watershed since 1950s, to improve land degradation and reduce soil erosion 
and sediment yield into the Yellow River. In addition, since the 1990s a large-scale conversion 
of slope farmland to terraces and woody plantation has been implemented in the watershed. 
According to the land use map of 2010 classified from a Landsat imagery (Figure 6.2), close to 
65% of the watershed area is currently used for agriculture and approx. 24% of the land is 
covered by forest (Table 6.1); urban area accounts for only 1% of the total area, thus is of minor 
importance. Ten soil types exist in the watershed according to the WRB classification (FAO, 
2006) (Table 6.1, Figure 6.3). Frequent droughts and decreasing water availability are the most 
limiting factors for development in the watershed. 
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Table 6.1: Overview of land use and soil types as well as slope gradient distribution in 
the upper Jinghe watershed. 
  Type / Class Area (km²) Watershed Area (%) 
Land use 
Winter Wheat terrace (WWHT) 1141.32 37.03 
Corn (CORN) 860.92 27.93 
Forest-Deciduous (FRSD) 547.57 17.77 
Wetlands-Non-Forested (WETN) 183.86 5.97 
Larix (LARI) 114.61 3.72 
Pasture (PAST) 107.34 3.48 
Pine (PINE) 63.94 2.07 
Residential (URBN) 33.06 1.07 
Water (WATR) 20.34 0.66 
Bare rock (ROCK) 8.91 0.29 
Soils 
Haplic Regosols 1486.10 48.22 
Calcic Kastanozems 530.91 17.23 
Haplic Luvisols 460.83 14.95 
Leptic Regosols 239.84 7.78 
Calcic Luvisols 192.07 6.23 
Haplic Calcisols 54.09 1.76 
Haplic Fluvisols 52.07 1.69 
Calcic Chernozems 45.48 1.48 
Hydragric ferralic Anthrosols 15.10 0.49 
Folic stagnic Cambisols 5.39 0.18 
Slope 
0-5 439.66 14.27 
5-20 1031.83 33.48 
20-30 721.99 23.43 
30-45 625.38 20.29 
> 45 263.02 8.53 
 
 
Figure 6.2: The land use map of the upper Jinghe watershed.  
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Figure 6.3: Soil map of the upper Jinghe watershed. 
6.1.2 The SWAT Model 
The Soil and Water Assessment Tool (SWAT) (Arnold et al., 1998) is a semi-distributed, 
process-based hydrological model that has extensive applications in complex and large basins 
with varying soils, land use and management conditions over a long period of time (Arnold and 
Fohrer, 2005). It includes physical processes and regression equations that describe the water, 
sediment and nutrients cycles as well as vegetation growth; in addition, SWAT relates model 
parameters directly to physically observable land surface characteristics (Legesse et al., 2003). 
Thus, SWAT considers the complexity and spatial heterogeneity of the entire drainage area. 
Major components include climate, hydrology, soil, plant growth, nutrients, pesticides, and land 
management (Arnold et al., 2012). It allows operating simulation in yearly, monthly, daily and 
even sub-daily time steps depending on the availability of the temporal resolution of the input 
data and the aims of study. A detailed description of processes and model components is 
provided by Arnold et al. (1998).  
For simulations, SWAT divides the watershed into multiple sub-basins that are different in 
terms of the underlying surface (e.g., soil, vegetation, topography) and climate characteristics 
(e.g., temperature, precipitation). Correspondingly, sub-basins are further divided into 
numerous hydrological response units (HRUs), in which vegetation, slope and soil 
characteristics are unique in combination (Arnold et al., 2012; Neitsch et al., 2011). The water 
balance is the driving force for all the processes in SWAT. Based on soil, vegetation and climate 
characteristics, the simulation of watershed hydrology can be obtained from two major 
divisions: land and routing phases. The land phase controls the amount of water and other 
components to the main channel from each sub-basin and the main processes are calculated 
using a water balance equation: 
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where SWt is the final soil water content (mm), SW0 is the initial soil water content on day i 
(mm), t is the time (days), Rday is the total precipitation on day i (mm), Qsurf is the total surface 
runoff on day i (mm), Ea is the total evapotranspiration on day i (mm), wseep is the total water 
entering the vadose zone from the soil profile on day i (mm), and Qgw is the total return flow on 
day i (mm); the routing phase describes the movement of water through the channel network in 
watershed to the outlet (Neitsch et al., 2002).  
The water balance and hydrologic cycle of a watershed is driven by moisture and energy inputs 
including daily precipitation, maximum/minimum air temperature, relative humidity, solar 
radiation, and wind speed. These climatic variables can be either observed records or generated 
by a weather generator during the simulation. The hydrologic processes considered in SWAT 
are canopy storage, evapotranspiration, infiltration, water movement in soil and runoff 
(including surface runoff, lateral flow and return flow). In addition to an extensive database of 
vegetation parameters controlling water and nutrient removal due to transpiration and biomass 
production, SWAT also allows to define management practices in every HRU, for example, the 
timing of planting and harvesting, timing and amounts of fertilizer, pesticide and irrigation 
applications, timing and type of tillage, and crop rotation (Neitsch et al., 2002). 
6.1.3 Data Source 
Digital Elevation Model (DEM), land-use and soil maps are indispensable for running SWAT 
(Table 6.2). The DEM was downloaded from the ASTER Global Digital Elevation Model 
(ASTER GDEM) database with a resolution of 30 m (http://gdem.ersdac.jspacesystems.or.jp). 
The soil map was sourced from the Institute of Geographic Sciences and Natural Resources 
Research (IGSNRR) at the Chinese Academy of Sciences (CAS), which was mapped during 
the Second Natural Soil Survey of China. The soil parameters representing each soil type were 
partly measured in the lab using the soil samples collected in the watershed, while the other part 
was obtained from the China Soil Scientific Database (http://www.soil.csdb.cn). The land-use 
map was classified from an imagery of Landsat 7 in 2010. Three meteorological stations are 
available for climate data (Figure 6.1), two of them are located in the watershed (Pingliang 
weather station is in the watershed and Jingchuan weather station is on the border) and the third 
station (Huating) is outside of the watershed. Yet, there is not any station climate data available 
for the mountainous area, the representativeness of the station climate data is thus not 
guaranteed for the watershed. For this reason, grid climate data (0.25° in resolution) was 
obtained from the National Centers for Environmental Prediction (NCEP). The reanalysis of 
the NCEP climate data is documented in Saha et al. (2010). Daily runoff at the gauging station 
Jingchuan from 1979 to 2010 is available. A reservoir (built in 1980) exists in the watershed. It 
is located at the transitional zone from the mountainous to the loess area (1502 m asl.), about 
13 km west of Pingliang city. The operation of the reservoir is mainly for the purposes of flood 
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control and irrigation supply. It is known when and how much has been irrigated, while 
information on the impoundment and flood discharge is unavailable (Y. Ren, personal 
communication). Information on crop rotation, timing of planting and harvesting, and tillage 
and irrigation application schedule are available for the watershed (documented in the Pingliang 
District Annual Report). 
Table 6.2: Sources of the data used for SWAT application in the upstream area of the 
Jinghe watershed. 
Data Source Resolution
Digital Elevation Model Aster GDEM 30 m original, resampled to 100 m 
Land Use Map LandSat 7 30 m original, resampled to 100 m 
Soil Map CAS 1 km 
Climate data NCEP 0.25°, approx. 27 km, daily 
Land management practices Pingliang - 
6.1.4 Model Setup and Calibration 
A graphical user interface program ArcSWAT2009 was used for applying SWAT. Before 
simulation of land-use management or climate scenarios, SWAT needs to be adequately 
calibrated against observed data for reducing uncertainties in prediction. However, calibration 
can be a challenging task if the spatial data are in coarse resolution and variable quality or, as 
in some cases, inadequate.  
The watershed was delineated first by using DEM. During delineation, the watershed was 
divided into 65 sub-basins including the reservoir and then further subdivided into 2,527 HRUs. 
Land-use (Figure 6.2) and soil (Figure 6.3) maps were overlaid and the slope was classified for 
each sub-basin. In addition to soil map, information of different soil layers, such as texture, 
available water content, hydraulic conductivity, hydrological soil group, depth, and organic 
carbon content, were given for each soil type in the soil database. Winter wheat and corn were 
chosen as the representative crops, while pasture, stands of larch, pine and other deciduous tree 
species were chosen as main non-crop land cover. Parameters of these plants were added to the 
crop database; land management practices, such as tillage, crop rotation, irrigation, and 
reservoir characteristics and operation were added to the selected HRUs, sub-basins and land 
use. 
Model calibration is conducted by determining values of model input parameters within their 
uncertainty ranges by comparing model prediction with observation (Arnold et al., 2012). River 
discharge is commonly used for a process-based calibration. A 9-year daily river discharge from 
2002 to 2010 observed at the outlet of the watershed (Jingchuan gauging station) was used to 
calibrate SWAT model. The calibration involved the input parameters of basin, sub-basin, soil, 
groundwater, and channel routing listed in Table 6.3. For each parameter, an uncertainty range 
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of ±20% varying from the original value of the parameters was defined. To evaluate if a 
calibration is successful or satisfactory, coefficient of determination (r²) and Nash-Suttcliffe 
Efficiency (NSE) are the most used statistics. For most typical applications, r² > 0.6 and NSE > 
0.5 are considered as criteria for a satisfactory calibration (Gassman et al., 2007; Moriasi et al., 
2007); otherwise, the calibration will be considered as not satisfactory. 
Table 6.3: Parameters used for calibration of river discharge at the gauging station of 
the upper Jinghe watershed. 
Input file 
Parameters 
Name Description
Basin SURLAG18 Surface runoff lag coefficient in sub-basin 18 (Reservoir) 
Soil 
SOL_AWC   Available water capacity of the soil layer (mm H2O mm-1 soil) 
SOL_K Saturated hydraulic conductivity (mm hr-1) 
Subbasin 
CH_N1    Manning's "n" value for the tributary channels 
CH_K1    Effective hydraulic conductivity in the tributary channel alluvium (mm hr-1)
Channel routing 
CH_N2    Manning's "n" value for the main channel 
CH_K2    Effective hydraulic conductivity in the main channel alluvium (mm hr-1) 
Groundwater 
ALPHA_BF1   Baseflow alpha factor for the main channel (d) 
ALPHA_BF2   Baseflow alpha factor for the tributary channels (d) 
GW_DELAY1  Groundwater delay time for the main channel (d) 
GW_DELAY2  Groundwater delay time for the tributary channels (d) 
GW_REVAP1  Groundwater "revap" coefficient for the main channel 
GW_REVAP2  Groundwater "revap" coefficient for the tributary channels 
GW_QMN1     
Threshold depth of water in the shallow aquifer required for return flow to
occur in the main channel (mm H2O) 
GW_QMN2     
Threshold depth of water in the shallow aquifer required for return flow to
occur in the tributary channels (mm H2O) 
6.2. Results and Discussion 
After a 1700-run of calibration, the simulated river discharge could not reach a reasonable 
agreement with the measured data at Jingchuan gauging station in terms of the criteria of 
calibration, as presented by the hydrograph (Figure 6.4). Before the calibration, the simulated 
river discharge was substantially higher than the measured value. After the calibration, the 
difference between the simulated and measured discharge has been reduced, however, the 
streamflow was still considerably overestimated. The average annual overestimation accounts 
for 104.7 mm y-1, which is more than double of the average annual discharge (43.5 mm y-1) 
from 2002 to 2010. If we inspect the hydrograph closely, we can see that the simulated 
streamflow is generally higher than the observed value in both peak flow and low flow 
(baseflow), even during the winter period. Only very few of flow peaks were reasonably 
estimated by the model; however, the recession of flow peaks did not simulate very well.  
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Figure 6.4: Hydrograph of simulated and observed river discharge of the Jinghe at 
Jingchuan gauging station.  
There are many potential reasons that can result in unsatisfactory calibration, including 
parameterization of soil and plant as well as unrepresentative climatic data. So far, many studies 
have reported the applicability of SWAT for simulating the hydrological processes with 
reasonable accuracy in widespread region including the dryland region of the Loess Plateau (Li 
et al., 2009; Li et al., 2010; Qiu et al., 2012). However, a review of the papers of successful 
SWAT application on the Loess Plateau reveals that they all used climate dataset from sufficient 
number of weather stations, because the number and location of rain gauge can considerably 
affect the performance of SWAT simulation (Cao et al., 2006). Up-to-now, we have been 
unable to get more weather station data within or around the watershed; therefore, a grid dataset 
with relatively coarse resolution was used for simulation. This may result in lower accuracy of 
precipitation. The precipitation on the Loess Plateau often occurs locally, for a short time and 
at a high intensity. Therefore, gridded data with coarse resolution could overestimate the water 
input by assigning the rainfall event at local to the whole watershed, which leads to 
overestimation of river discharge. For this reason, use of grid precipitation data is not suggested 
in some cases (Bieger et al., 2014; Xu et al., 2010). To have a general idea, a comparison of the 
calculated average annual precipitation during the period 2002 – 2010 with the long-term 
average annual precipitation for mountainous and loess area in the watershed was made. The 
calculated average annual precipitation and the long-term average annual precipitation for 
mountainous area were 800 and 614 mm, whereas they were 650 and 475 mm for loess area. 
Therefore, some overestimation of precipitation might exist in our case. 
Another most likely reason for general overestimation of streamflow was associated with the 
calculation of physical process used in SWAT. According to the calibration results, lateral flow 
(interflow) contributes 80% of the average annual water yield during 2002 – 2010, which is 
impossible for this region. In SWAT, lateral flow is calculated based on slope length, slope 
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angle, drainable porosity, drainable volume of water, and saturated conductivity (Neitsch et al., 
2011). This means, long and steep slope with high saturated conductivity can lead to 
considerable lateral flow. The thick loess deposit of the upper Jinghe watershed is severely 
eroded, resulting in very long and steep gullies (Table 6.1, Figure 6.5). Construction of terraces 
on this kind of slope could intercept most of the overland flow, even during heavy rainstorms 
(Liu et al., 2011), thus promote the vertical infiltration and soil water storage. Lateral flow 
usually occurs between permeable and impermeable soil layers; yet, loess is a rather 
homogeneous soil type with at least 50 m in depth in the Jinghe watershed, which is unable to 
cause a large amount of lateral flow. From this point of view, the overestimation of lateral flow 
is a result of incapability of SWAT (at least the current version) to take the effect of terraces 
into consideration for calculation of the lateral flow.  
 
Figure 6.5: Example of severely eroded loess slopes in the upstream Jinghe watershed. 
6.3. Conclusion 
Calibration of SWAT model for the prediction of river discharge in the upper Jinghe watershed 
has not been satisfactory, at least at the current stage. The results of daily river discharge 
according to the model are significantly higher than the observed data, this is a result of general 
overestimation in both baseflow and streamflow peaks. The overestimation is assumed to be 
partly associated with using gridded climatic data (notably precipitation) in coarse resolution. 
Inadequate representation of spatial variability in precipitation may result in excessive water 
input to the watershed. However, the most possible reason for unsatisfactory calibration is 
considered to be associated with lateral flow calculation in SWAT. A solution to reduce the 
lateral flow yield is essential for improvement of the calibration result. Consequently, for future 
calibration attempts, use of adequate amount of rain gauges at representative locations is 
advisable. Furthermore, statistical models that can adequately describe the interdependency 
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between land-use, climate variability, and streamflow using available data and information (e.g., 
annual value) are useful when no reliable model-based assessment is available yet. Such an 
approach could provide essential information and support policy-makers in developing adaptive, 
water-saving land management strategies in the Loess Plateau region. 
 
 
Chapter 7  
An Empirical Approach for Prediction 
of Land Management Measures and 
Climate Change Impacts on Runoff 
7.1. Study Materials and Methodology 
7.1.1 Study Site Description 
The upper stream of the Jinghe Basin was selected as study area. A detailed description of the 
watershed is given in Chapter 6. 
7.1.2 Data Description and Processing 
The data in this study includes information on daily hydro-meteorological events and annual 
land use from 1979 to 2010. The daily meteorological data (precipitation, temperature) was 
obtained from the National Centres for Environmental Prediction (NCEP). The data from NCEP 
is provided in grid format (0.25°, approx. 27 km resolution). The reanalysis of the NECP 
climate data is well documented in Saha et al.(2010). For this study, the reanalysis showed that 
the NCEP data can adequately predict the station variables (i.e., precipitation and temperature 
in Pingliang and Jingchuan) and represent their spatial variability within the watershed. To 
calculate area-averaged hydro-meteorological variables, the watershed boundary was extracted 
by using a Digital Elevation Model (DEM) of 30 m and then resampled to 100 m resolution for 
analysis. The grid NECP precipitation and temperature (maximum, minimum, and average) 
were interpolated in ArcGIS. Simple linear interpolation was applied for precipitation while 
modification with elevation for temperature. Due to the lack of other variables (e.g., relative 
humidity, wind speed), the application of the Penman equation (Penman, 1948) for PET 
estimation was limited. Following FAO recommendations, PET was estimated following the 
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approach by Hargreaves and Allen (2003) using maximum, minimum, average temperature, 
and solar radiation at monthly intervals and then aggregated to annual values. Long-term daily 
discharge for the upper Jinghe watershed (at Jingchuan gauge) was acquired from the Geo-data 
Service Centre of the Loess Plateau (http://loess.geodata.cn). Within the study period of 1979–
2010, there is a gap of measured data of runoff for 1991 and 1992. Hence, these two years were 
excluded from our analysis. Three land-use maps of 1986, 2000 and 2010 were obtained from 
the Institute of Geographic Sciences and National Resources Research (IGSNRR) and Landsat 
to identify changes in land cover. The annual land-use information for the remainder of the 
study period was obtained from the regional statistical and management year book. 
7.1.3 Trend Analysis of Meteorological Variables and Runoff 
For assessing the temporal trends of hydrological and metrological variables over the study 
period, the Mann-Kendall (M-K) test was applied on annual precipitation, PET, climatic water 
balance (CWB), and runoff (Q). In this work, the M-K test was employed at a level of 5% 
significance, which indicates a corresponding slope |Z| = 1.96. Any trend of the |Z| value 
exceeding 1.96 will be considered as significant. 
7.1.4 Predicting Annual Runoff Using Statistical Models 
In our previous work (Zhang et al., 2014), we found that at small spatial scales the annual runoff 
in the Loess Plateau region is mainly controlled by precipitation and land cover / land form. 
Yet if we investigate at a large spatial scale, the relative importance of water availability and 
land cover to runoff does not stay identical. Based on a meta-analysis using 13 catchments on 
the Loess Plateau with sizes ranging from 10 to 1,000,000 km², we found the significance and 
roles of land use and climate in controlling runoff shift with spatial scale (see Chapter 4). 
Specifically, land cover plays a decisive role in controlling water yield on a small scale, whereas 
the effect of climate change on runoff becomes more evident on a large scale (see Zhang et al., 
2014 for details). These conclusions are logical, if one takes into consideration that land use 
change is a local phenomenon and its impact diminishes with increasing spatial scale; in 
contrast, changes in climate are steady at both small and large scales. When one (e.g. land cover 
change) becomes insignificant at a certain scale, another (e.g. climate) would become dominant. 
Usually, the hydrological response to climate and human activities (e.g. soil erosion control 
measures) is non-linear. Yet, a strong correlation between runoff, precipitation, and the type of 
land cover / land form was found in a sub-catchment of the upper reaches of the Jinghe (Zhang 
et al., 2014). These types of land use include woodland, grassland, and farmland on slopes and 
terraces, which represent the common patterns of land use in the Loess Plateau region. Hence, 
it is possible that a similar correlation might also exist with regard to the large catchment. To 
explore this possibility, we applied the correlation found in a sub-watershed in the upper reaches 
of Jinghe. Applying the existing relationship to a large scale, we assume that the vegetation 
restoration against soil erosion on the Loess Plateau was designed following similar rules 
defined by terrain, slope gradient. According to our analysis, the variation of soil properties is 
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not remarkable, due to relatively high homogeneity of loess as the parent material. In light of 
this, we may say that the land-use specific characteristics determined in a sub-watershed of the 
Jinghe are applicable on the Jinghe catchment. To determine the land-use specific 
characteristics (runoff coefficients), we used 50-y annual runoff observation data and land-use 
information. For this reason the land-use specific characteristics could be viewed as close to 
long-term, stable state. Any shift of land use from one to another is likely to have varying values 
until it reaches a close to stable state (years to a decade). The short-term effect on runoff thus 
beyond the scope of this paper. From a long-term perspective, the runoff coefficients we applied 
are considered meaningful and representative if compared with the results from other 
publications (Wang et al., 2012c). In addition to the correlation from the sub-watershed, three 
well-established models (Choudhury, 1999; Fu, 1981; Zhang et al., 2001) (listed in Table 7.1) 
served as comparisons. Required parameters for these three well-established models were taken 
from previously published studies.  
Table 7.1: Statistical approaches applied for predicting annual and long-term runoff in 
the upper reaches of Jinghe. P, PET, and ET are annual values of precipitation, 
potential evapotranspiration, and actual evapotranspiration. ϖ, n and w are 
dimensionless catchment-specific parameters in Fu (1981), Choudhury (1999) and 
Zhang et al. (2001); α1, α2, α3 and α4 are runoff coefficients of forest, grassland, slope 
farmland and terrace, while A1, A2, A3 and A4 are related area of each land use in 
Zhang et al. (2014). 
Equation Parameter Reference
ET=P+PET-(Pϖ+PETϖ)1/ϖ ϖ  Fu (1981) 
ET=P*PET/(Pn+PETn)1/n  n Choudhury (1999) 
w  Zhang et al. (2001) ET=P*(1+w*(PET/P))/(1+w*(PET/P)+P/PET) 
Q/P=α1*A1+α2*A2+α3*A3+α4*A4 α1,α2,α3,α4 Zhang et al. (2014) 
7.1.5 Runoff Sensitivity to Climate and Land-use Change 
We have estimated the runoff with the following three steps. First, discussion of the trends in 
climate (precipitation and evapotranspiration) and runoff observed in the study area. Second, 
applying and comparing existing statistical modelling approaches for estimating runoff. Third, 
based on the analytical results, deriving an empirical formula for estimating annual and long-
term runoff using generally available information. To evaluate the viability of this new formula, 
it has been applied to a watershed study. The output is compared against that of three well-
established statistical models. In addition, the response of runoff to climate variability and land-
use conversion is investigated by a sensitivity analysis. Finally, exploration of the potential 
effects of different land management strategies on water yield under varying climatic conditions. 
Roderick and Farquhar (2011) created an approach to quantify runoff sensitivity to climatic and 
catchment-specific factors using Choudhury's (1999) equation (cf. Table 7.1), which introduces 
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equivalent to the elasticity concept. The changes of runoff (Q) can be present as: 
E E E
dE dP dPET dn
P PET n
  
  
  
      (7.1) 
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the relative change of Q is  
1
dQ P E dP PET E dPET n E dn
Q Q P P Q PET PET Q n n
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 (7.4) 
where the parts in brackets are named as sensitivity coefficients of Q to climate and catchment 
characteristics. This theory enables assessment of runoff sensitivity to the variability of the 
current climate, in contrast most sensitivity analyses are conducted empirically (Chiew, 2006; 
Zheng et al., 2009). Following this theory, a similar analytical approach was conducted to 
evaluate the runoff sensitivity. The results are presented in section 7.2.4. 
We used the models listed in Table 7.1 to estimate annual ET for the period 1979-2010. Annual 
runoff was calculated as the difference between annual P and ET, based on the fact that the 
loess region has limited groundwater recharge rate (Gates et al., 2011) and the assumption that 
changes in soil water storage at the annual step is negligible for a given catchment. For the 
application of Choudhury’s equation (Table 7.1), setting a value for the parameter n is required. 
We used the parameterization of Liu and McVicar (2012), who determined a value of n for the 
Yellow River basin. Based on the existing relationship of Zhang et al. (2014) (cf. Table 7.1), 
the following expression was derived by introducing an energy supply parameter and catchment 
characteristics:  
1 2
2
1
1 1 2 2 3 3 4 41
( )
* *( )
P PET
Q P A A A A
PET
 

               (7.5) 
where Q, P, and PET are annual runoff, precipitation, and potential evapotranspiration (all in 
mm). The parameters α1, α2, α3, and α4 reflect the impact of the type of land use (forest, grass, 
cropping on sloped sites, cropping on terraces) on runoff, and A1, A2, A3, A4 are the 
corresponding area fractions of land-use types in the catchment. The parameters β1 and β2 are 
catchment characteristics, which may vary from catchment to catchment. Here we set the 
parameter in form of 1/β2 to avoid a small value. Equation (7.5) describes runoff as an integrated 
output of a complex interaction between available water and energy, type of land use and 
catchment properties. More specifically, runoff is determined by normalized climatic water 
balance (which describes the evaporative demand of the atmosphere) and the contribution of 
the different types of land use in surface runoff formation for a given precipitation.  
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Following the theory developed by Roderick and Farquhar (2011), a similar analysis on 
Equation (7.5) was conducted. The analytical expressions are:  
                       
Q Q Q Q
dQ dP dPET d dA
P PET A

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the relative change of Q is  
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          (7.9) 
where the parts in brackets are sensitivity coefficients of Q to climate (P and PET), catchment 
characteristics (β1, β2), and area of land use type (A1, A2, A3 and A4). 
7.2. Results and Discussion 
7.2.1 Trends in Meteorological Variables and Runoff 
Annual precipitation (P), runoff (Q), and climatic water balance (CWB) show a decreasing 
trend, while potential evapotranspiration (PET) increased (Table 7.2). The decreasing rate of 
annual P, Q, and CWB were -2.16, -1.39 and -3.90 mm y-1 respectively, whereas the increasing 
rate for PET was 1.83 mm y-1. The slopes of PET (2.12) and Q (-2.45) indicated significant 
upwards and downwards trends at the 5% significance level. Similar results were addressed in 
some tributaries of the Yellow River (Zhang et al., 2011c; Zuo et al., 2012); declines in annual 
precipitation and streamflow are common facts in observation stations of the Yellow River 
(Yang and Liu, 2011). However, previous research has also shown that the rate of decrease in 
streamflow is greater than that of precipitation in NW China since the 1970s, and that the P-Q 
relationship represents a non-stationary state, strongly influenced by human activities and 
climate change (Zhang et al., 2011c).  
The topic of increasing annual and seasonal PET has been studied in many areas surrounding 
the Yellow River, as well as in the Wei River (Yang and Liu, 2011; Zuo et al., 2012). Relative 
humidity has been reported as the most sensitive variable for explaining variation in PET, 
followed by wind speed, air temperature, and solar radiation (Zuo et al., 2012). Due to the lack 
of spatio-temporal distribution of daily climatic data (such as wind), the use of the Penman 
equation (Penman, 1948) was not viable for this study. However, the increased PET found in 
our study is supported by widely reported increases of temperature observed in this region. 
Zhang et al. (Zhang et al., 2008a) and Li et al. (2012) stated that the Loess Plateau region has 
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been experiencing a warming trend that is projected to continue into the future. In addition to 
temperature and humidity, wind speed is another decisive factor controlling PET rates globally, 
as well as in China (McVicar et al., 2012; Yin et al., 2010). Global declines in PET rates have 
been reported in many areas. This may be attributed to decreased terrestrial near-surface wind 
speed (McVicar et al., 2012). Hence, the positive contribution from rising temperature to PET 
may be offset by significant decreases of wind speed, which may occur in an energy-limited 
area (McVicar et al., 2012). 
Table 7.2: Results of the Mann-Kendall test using observed climatic data of the upper 
reaches of Jinghe over the study period 1979 – 2010 (significance level at 0.05). *1 
downward trend and *2 upward trend at significance level of 0.05; ns: not significant. Z 
and β are Mann-Kendall test statistic and slope. 
n=32 
Mean value  Z β Significance 
(mm y-1)   (mm y-1)   
Annual P 679 -0.57 -2.16 ns 
Annual Q 56 -2.45 -1.39 *1 
Annual PET 1220 2.12 1.83 *2 
Annual CWB -541 -1.15 -3.90 ns 
7.2.2 Application of ‘Budyko’s Models’ 
Following Yang et al. (2008) the relationship between Choudhury's n and ϖ from Fu's equation 
(ϖ ≈ n + 0.72) was applied to estimate annual runoff. The recommended plant-available water 
coefficient w and PET (2 and 1410 for woody plants, 0.5 and 1100 for non-woody plants) 
(Zhang et al., 2001) were employed with Zhang's equation. It can be seen from Figure 7.1 (7.1b, 
7.1d, and 7.1f, present by hollow circles) that the estimated runoff deviates significantly from 
the observed runoff, when the adopted parameterizations were used for the estimation of ET. 
An improved affinity between the observed and predicted ET was achieved only when 
catchment specific parameters were derived (solid circles in the Figure 7.1a, 7.1c, 7.1e). Despite 
these improved predictions of ET, the differences between measured and predicted Q are still 
prominent (the hollow circles in Figure 7.1b, 7.1d, and 7.1f). The mean absolute percentage 
error of modelled annual runoff over 30 y was approximately 40% (Table 7.3). This discrepancy 
confirms the limitation of Budyko’s models when applied in a region with intensive land-cover 
dynamics, due to the lack of vegetation parameters in the model. Donohue et al. (2007) 
suggested that incorporating land-cover dynamics into the models of Budyko may improve its 
predictive ability. Therefore, deriving sustainable land-use and water management requires an 
assessment tool that integrates key driving factors (i.e., climatic and land cover / form 
characteristics). From the perspective of land management, the impact of specific management 
measures on water resources is likely to be addressed using this kind of tool, such as conversion 
of slope farmland to terrace. 
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Figure 7.1: Comparison of modeled ET (a, c, e) and runoff (b, d, f, g) with observed data 
for the upstream part of the Jinghe basin. Results of a and b are from Fu (1981), c and d 
from Choudhury (1999), e and f from Zhang et al. (2001), and g is from Zhang et al. 
(2014). 
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 Table 7.3: Results of the predicted mean annual runoff (MAR) with fitted catchment 
specific parameters for each equation. MAE is mean absolute error of modeled annual 
runoff over 30 years, MAPE is mean absolute percent error of modeled annual runoff 
over 30 years, and RMSE is root mean square error of modeled annual runoff over 30 
years. * The parameter β1 = 0.267 and β2 = 7.263 were fitted for the upstream part of 
the Jinghe basin. 
  MAR Catchment MAE MAPE RMSE 
 (mm) parameter n=30 % n=30 
Observation 56.7     
Fu (1981) 50.5 3.46 20.3 39.7 24.5 
Choudhury (1999) 51.2 2.74 20.6 40.1 24.7 
Zhang et al. (2001) 52.6 3.52 17.9 37.1 21.5 
Current study 56.6 0.267 / 7.263* 14.0 30.3 17.5 
7.2.3 Analysing the Dependency of Runoff on Climate and Land 
Cover/Form 
In a 19 km2 sub-watershed of the Jinghe (Zhifanggou), we found a notable correlation between 
the ratio of annual runoff to precipitation and the type of land use (Zhang et al., 2014). Figure 
7.1g (hollow circle) indicates that this correlation is capable of reproducing the trends of annual 
runoff at the outlet of the upstream area of the Jinghe (an area of 3,082 km2), despite a slight 
tendency of underestimation. These deviations between the measured and predicted runoff may 
be due to the shifting roles and importance of different processes at varying scales, as mentioned 
before. Our meta-analysis of the hydrological response to environmental changes at various 
spatial scales in the Loess Plateau region indicates that the impact of land use decreases 
significantly with increasing catchment size, while the effect of climate remains constant. At a 
catchment size > 3,000 km², the significance of land use to runoff change is likely to become 
less dominant, while the role of climate rises. Moreover, other factors in climate might become 
significant in addition to precipitation and need to be considered and integrated into the 
relationship. It is well acknowledged that water and energy availability are the essential 
elements driving evapotranspiration rates on a large scale (Budyko, 1958). In the current 
relationship derived from a sub-catchment of the Jinghe (cf. Table 7.1), only land use and 
precipitation were included due to their dominant roles in annual variations of runoff on a small 
scale. Accordingly, the disparity between calculated and observed runoff in Fig. 2g may 
indicate that the energy supply (PET) is an additional factor driving variability in annual runoff 
at larger spatial scales. 
After assessing the interrelation between runoff and various climatic variables (e.g., PET, CWB, 
etc.), a correlation with an r² value of 0.51 between runoff and normalized climatic water 
balance (NCWB, defined as (P – PET) / PET) was found. This indicates that energy supply is 
indeed a driving force of runoff change at this site. In addition to energy and water supply, also 
catchment characteristics may affect the water fluxes. For example, soil characteristics (e.g., 
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water retention capacity and permeability) and topography (e.g., slope gradient) may control 
the reallocation of P into ET and Q (Zhang et al., 2004a). However, these processes are difficult 
to measure/quantify at the catchment scale; they interact between each other in complex ways 
and often co-evolve. To incorporate these processes, it is necessary to include catchment 
parameters. The catchment characteristics affecting the availability of water and energy are 
expected to be different, and thus two parameters have been introduced for specifying the 
interactions between catchment characteristics and precipitation, with respect to potential 
evapotranspiration. 
We applied the modified model of Zhang et al. (2014) in the upper reaches of the Jinghe for the 
purpose of validation. The catchment characteristics parameter β1 and β2 were best fitted, using 
observed annual data during the study period. As shown in Table 7.3 and Figure 7.1g (solid 
circles), Equation (7.5) produces higher efficiencies and better predictive ability than the other 
three “Budyko models”. This improvement in predictive ability implies that the proportion of 
different types of land use do affect runoff at large scales in the Loess Plateau region, in addition 
to the well-established drivers of water and energy supply. In dry regions, water is typically the 
limiting variable for ET, and therefore actual ET increases linearly with increasing water 
availability; however, when water availability increases, energy becomes a more important 
variable in explaining ET (Peel et al., 2010), which appears to be the case in this study. The 
upstream area of the Jinghe is more humid as compared to the vast area of the Loess Plateau. 
In that region, precipitation is much higher than in other parts (e.g., the northern part of the 
Loess Plateau receives only < 300 mm annual precipitation). 
A number of researchers have contributed to studies on the role of land cover in the partitioning 
of P in ET and Q (along with topography, soils, etc.) (Peel et al., 2010; Williams et al., 2012). 
Vegetation growth is an integrated response to all conditions that could restrict growth, such as 
light, temperature, soil water, nutrients, and disturbances. Therefore, vegetation can directly 
affect energy and water balances through many different processes (Donohue et al., 2007). In 
recent decades, vegetation restoration has been extensively implemented in the Loess Plateau 
region for soil retention, mainly comprising afforestation and conversion of degraded farmland 
to grassland. Such dynamic alterations (or disturbance) in land cover can lead to changes in 
processes related to evapotranspiration, and may ultimately result in changes in runoff. Thus, 
incorporating climate and vegetation characteristics into models may ensure better predictions 
of annual runoff in this region. 
7.2.4 Sensitivity Analysis of Runoff 
Using the theory formulated by Roderick and Farquhar (2011), the runoff sensitivity to 
alteration of climate, land cover/form, and catchment characteristics were obtained (Table 7.4). 
The results provide evidence that for a comparable change of P and PET, Q is more sensitive 
to P than to PET; Q increases as P increases and/or PET declines. Given a 10% decrease in P, 
runoff will reduce by 14.7%, while a 10% increase in PET will cause a reduction of only 2.6% 
in Q. Among all types of land use, runoff is most sensitive to changes in coverage of sloped 
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farmland, due to its largest area fraction, which indicates that converting sloped farmland into 
other land use, such as woodland and terrace, could significantly reduce the surface runoff. In 
addition, it should be noted that runoff is most sensitive to catchment characteristic parameters 
among all the considered factors. This is in line with the results of Liu and McVicar (Liu and 
McVicar, 2012) for the Yellow River Basin, and Roderick and Farquhar (2011) for a water-
limited catchment in Australia. The catchment characteristic parameters indicate factors 
affecting soil water storage in a catchment (Zhang et al., 2001). This includes topography and 
soil properties, as well as the intensity, duration, and spatial distribution of precipitation 
(Roderick and Farquhar, 2011). At larger spatial scales, the impact of short-term changes in 
topography and hydrological relevant soil properties has an insignificant impact on seasonal or 
annual variations in runoff. Conversely, the precipitation in the Loess Plateau region is 
characterized by high intra-annual and inter-annual variability; this could significantly affect 
the temporal availability of soil water for the vegetation, and therefore the variability in runoff.  
Table 7.4: Sensitivity analysis of runoff (Q) to changes in precipitation (P), potential 
evapotranspiration (PET), land use and catchment-specific parameter (β) for the upper 
Jinghe watershed, according to Equation (7.9). 
Sensitivity coefficients (Ɛ) of Q to P, PET, land use, β1 and β2 
ƐP ƐPET ƐA1 ƐA2 ƐA3 ƐA4 Ɛβ1 Ɛβ2 
1.47 -0.25 0.03 0.29 0.65 -0.01 3.19 1.79 
7.2.5 Response of Runoff to Implemented Soil Conservation 
Measures and Climate Variability 
Numerous papers have conducted meta-analyses based on afforestation/deforestation studies. 
They found that runoff negatively correlates with afforestation (Brown et al., 2005; Wang et 
al., 2011b; Zhang et al., 2001). According to the finding in previous work (Zhang et al., 2014), 
large-scale land terracing is also likely to reduce surface runoff in the loess region. As discussed 
in the introduction section, environment restoration is a necessary means against soil erosion, 
and therefore these measures are likely to be further supported by the Chinese government. 
Hence, it is absolutely pertinent that quantitative methods that provide decision-makers a better 
understanding of the relationship between the management of soil and water are developed. 
Equation (7.5) provides such a tool, by enabling the estimation of the potential consequences 
of different soil conservation measures (e.g., afforestation, terracing) on water resources.  
Using Equation (7.5), the runoff response to different land-management measures under 
varying climatic conditions was investigated for the upper reaches of Jinghe. The results of 
these calculations are presented in Figure 7.2. Here, the dryness index (PET/P) indicates the 
annual variability in climate. Figure 7.2 indicates that large-scale afforestation causes a 
significant decline in runoff. In a large catchment, the climate between sub-catchments can vary 
significantly. If we consider the dryness index as an indicator for various climate conditions in 
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sub-catchments, we can see that expanding afforestation may cause a more significant runoff 
reduction in relatively more humid sub-catchments (approximately equal to lower dryness 
index in Figure 7.2) than the relatively drier sub-catchments (higher dryness index) in terms of 
quantity. But in terms of percentage, the reduction is probably more critical for drier sub-
catchments, due to their more limited water availability. It can be seen from Figure 7.2 that an 
increase of forest coverage from 25% to 50% may decrease the average runoff of the upper 
reaches of the Jinghe by approximately 25%. This may have severe consequences for this region 
regarding the management of water resources and sustainable development, especially in dry 
areas (high dryness index) that already suffer from severe water shortage. Enlarging conversion 
of slope farmland to terrace could also lead to enormous runoff decline. With a comparable 
expanded implementation of forest and terrace (50%) against soil erosion, terrace may result in 
even more serious water deficiency (Figure 7.2). Other studies gave evidences that change of 
land-use does not only modify the partition of precipitation in water cycle processes (Liu et al., 
2009), but also alter the soil physical and hydraulic properties (Yu et al., 2015). Therefore, it 
may be more water efficient to increase the coverage of grassland for erosion control and to 
restrict the conversion of slope farmland to terrace in dry areas, in order to alleviate the adverse 
impacts on runoff (Figure 7.2). Thus, we argue that evidence-based, well-designed soil and land 
management policy may assist to regulate water yield also at the regional scale. Consequently, 
this will ensure the security of water supply in downstream areas. 
 
Figure 7.2: The variation of annual runoff against index of dryness (PET/P) under 
different land use (percentage in areal cover) in the upper Jinghe watershed. 
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7.3. Conclusion 
Environmental restoration in the Loess Plateau region is facing challenges concerning the 
adverse side effects of certain implemented measures on water supply. To ensure the success 
of these soil and water conservation measures, harmonizing water resource management and 
land-use management in the policy of erosion control is critically important. To this end, this 
study explored the impact of measures to control soil erosion and climate variability on the 
annual runoff in NW China, using the Jinghe catchment as an example. The results emphasize 
that runoff, precipitation and climatic water balance in the upper reaches of Jinghe have 
decreased from 1979 to 2010, while potential evapotranspiration has increased. It is found that 
annual runoff is directly affected by water input (precipitation) and energy (potential 
evapotranspiration), as well as land cover and form. In terms of climate, runoff is more sensitive 
to changes in water availability than to changes in energy supply. Afforestation and terracing 
can result in a significant decrease in water yield, and further exacerbate the already existing 
water crisis in the Loess Plateau region. In addition, topography and soil properties, combined 
with precipitation, are other decisive factors affecting runoff. These characteristics modify the 
availability of soil water for plants, lead to changes in evapotranspiration, and finally to 
alterations in runoff. In the last five decades, the Loess Plateau has experienced intensive 
dynamic alterations / disturbances in land cover as a consequence of extensive soil erosion 
control and/or vegetation restoration measures.  
In Budyko’s framework, land cover and form related parameters are not taken into account. For 
this reason, it is difficult to use it to expound the potential consequences of different measures 
(land cover / form) for erosion control on water availability. This empirical method realizes this 
possibility by incorporating land cover / form characteristics into the equation. In this study we 
provided evidence that an uncontrolled increase of afforestation and terracing should be 
avoided in the dry regions of the Loess Plateau. There, it appears to be more appropriate and 
feasible to establish grassland rather than to have forests at a vast scale. This may be an effective 
contribution to mitigate and/or control the adverse effects on runoff. Nevertheless, uncertainties 
and restriction must also be addressed. Vegetation characteristics used in this study are derived 
from the study region; it might be difficult when the method is applied to other locations of the 
Loess Plateau. Further testing and validation are the necessary next step.  
Future research should focus on the design and implementation of adaptive water-soil-land 
measures under changing climate, particularly based on sound understanding of 
interdisciplinary and cross-sectoral interactions between natural environmental resources. This 
may be a contribution to harmonize (in the sense of trade-off) the protection of soil against 
erosion and the securing of water supply from runoff reduction in the Loess Plateau region. 
 
 
Chapter 8  
Conclusion and Outlook 
8.1. Conclusion 
Natural and managed ecosystems were able to supply sufficient hydrological services for 
humanity in the past. Yet, climate change, accelerating economic development and rapid 
population growth have outpaced the capacity of ecosystems to provide water services in 
adequate quantities. This study shows that hydrological ecosystem services are an understudied 
topic in dryland regions. The increasing trends of extreme climatic events (e.g., droughts and 
floods) put additional burden on the present unfavourable situation. In this context, the conflicts 
arising around the provision of water services between different users (e.g., industrial and 
domestic use) or between communities living upstream or downstream from one another, are 
of much concern for regional and national sustainable development, particularly in water-
limited dryland areas. Furthermore, implementation of land management practices or nature 
restoration in such regions, without a complex and holistic understanding of the possible effects 
on hydrological processes associated with water supply services, may deteriorate hydrological 
services and aggregate water supply conflicts in dryland region. Given these implications, the 
main objective of this thesis is to evaluate the impacts of land use and climate change on 
hydrological services (mainly water supply) in the dryland region of NW China using the 
upstream Jinghe watershed (an important meso-scale watershed) in the middle reaches of the 
Yellow River. To achieve this objective, the research questions proposed in Chapter 2.2 were 
answered. 
Question 1: Does vegetation restoration (i.e., forest and grass plantation) improve the physical 
and hydraulic properties of the soil?  
This question is addressed in Chapter 3. Changes in landscape (e.g., vegetation) can alter the 
amount of water moving through the ecosystem above and below land surface, such as overland 
and groundwater flow. Soil hydraulic properties are vital for water supply services because they 
control water movement in soil, such as infiltration and water storage. Vegetation restoration 
or the conversion of cropland to forest and grassland have considerably improved soil saturated 
or near-saturated conductivity in both topsoil and subsoil, according to hood infiltrometer 
experiments on loess soil in a small catchment (Zhonggou). The notable increase of (near) 
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saturated conductivity in topsoil is attributable to improved soil structure, which is to more soil 
organic carbon and fine root density, or, in other terms, low soil bulk density. In the subsoil, 
the improvement was a result of enhanced macroporosity under grass and forest. Seasonal 
variations in (near) saturated conductivity were mainly subject to biological activity and soil 
preparation (e.g., tillage). Regular tillage on cropland can increase macro-porosity hence 
saturated conductivity in topsoil temporally, but also leads to subsoil compaction. In contrast 
to (near) saturated conductivity, no significant difference in unsaturated conductivity was found 
after land use change, because as pressure increases the hydraulic conductivities depend more 
on soil texture rather than soil structure. There is also a difference between grassland and forest 
with respect to soil water characteristics. Grassland tends to promote stable macro-pores 
because of the fine rooting system leading to higher air capacity thus enhancing water 
infiltration in soil; in comparison, forests seem to promote meso-pores that presumably resulted 
from collapse of instable macropore systems due to more intense shrink-swell cycles under the 
forest. For this reason, forest tends to increase water storage in the soil. Therefore, when striving 
to sustain adequate water supply services in a water-limited region, grassland might be a more 
suitable vegetation for soil conservation by creating a more favorable soil structure for water 
vertical mobility (infiltration), which could potentially contribute to water supply related 
baseflow or groundwater in the catchment. 
Question 2: How do water supply services (streamflow and baseflow) respond to land use 
conversion and climate variability? Which is the major driving factor for the changes in water 
supply services (streamflow and baseflow), land use conversion or climate change? 
These questions were addressed in Chapters 4 and 5. Differentiating between the effects of land 
use and climate change on water fluxes is necessary for answering these questions. However, 
implementation of the hydrological model in the Zhifanggou catchment for assessment was 
hampered due to insufficient spatially explicit data. Thus, an analytical approach based on the 
relationships between rainfall and runoff in pre-change (initial) and post-change (transient) 
periods were developed for separating and quantifying the hydrological response. This 
approach was possible because an abrupt change point in streamflow around 1980 was 
identified after a trend analysis of a 50-year annual runoff record. Analysis results showed that 
the annual streamflow has substantially declined in the last 50 years without any significant 
variation in climatic condition, indicating that land use conversion was the main driving factor 
for annual runoff reduction. Further analysis explained that 74% of the total reduction is 
attributable to the land use/form changes and the climate variability is only responsible for 26% 
of the total reduction. Among all the soil conservation measures, afforestation and terracing 
(including damland formation) reduce the streamflow considerably, due to their low runoff 
coefficients and thus weak contribution to the catchment streamflow. In comparison, grassland 
and slope farmland can sustain a certain level of water supply services as a result of their higher 
contribution to streamflow.  
To quantify the response of baseflow to land use change and climate variability, three digital 
filters were applied to disaggregate the daily flow hydrograph. The average annual baseflow in 
Zhifanggou has declined strikingly. Taking the average annual baseflow in the 1960s as the 
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basis, the reduction in the 1970s, 1980s and 1990s reached 2.1 – 2.3 mm (8 – 9 %), 12.4 – 13 
mm (47 – 48 %) and 23.9 – 24.8 mm (91 – 92 %), respectively. This is a result of a significant 
reduction in monthly baseflow, except in January. Comparably, an obvious drop was also found 
in the baseflow index (BFI) but with less evident magnitude, accounting for 4 – 5%, 15 – 17% 
and 63 – 70%, accordingly. Such substantial decline in baseflow and baseflow index were likely 
to be associated with land use change (soil conservation measures) in Zhifanggou, as no evident 
climate variability was discovered over the study period. Zhifanggou is a typical agricultural 
catchment on the Loess Plateau; woody plantation covers only 14.8% of catchment area, while 
approx. 41% was converted to terrace (including damland). In order to investigate the impact 
of different conservation measures (e.g., terracing vs. afforestation) on baseflow, a comparable 
small afforested catchment (90% woodland) was used for comparison. The average baseflow 
index and runoff coefficient were lower in the afforested catchment than agriculture dominant 
catchment indicating less deep drainage under the woody plantation. This was also confirmed 
by the consecutively high soil water tension and low soil water content in the deep soil layer (> 
60 cm) under the forest except when extreme rainfall occurs. This is in line with the findings of 
other works reported for the Loess Plateau.  
Summing up, water supply services have been significantly reduced through substantial 
declines of streamflow and baseflow in Zhifanggou catchment. Woody plantation reduces 
streamflow and baseflow to a large extent due to high water consumption restricting surface 
and subsurface water recharge; terrace and damland reduce streamflow effectively by 
intercepting overland flow, but can still sustain a certain level of seepage/recharge. In contrast 
to afforestation and terracing, grassland seems to be more capable of providing water supply 
services with respect to its contribution to streamflow and baseflow. 
Question 3: How does the impact of land use conversion and climate variability vary over 
space? What are the governing processes in changes of streamflow on different spatial scales? 
These questions were addressed in Chapters 4 and 7. The question, if there is any dependency 
between spatial scale and hydrological response to environment change (land management and 
climate), is still a central issue in hydrology. It has been hypothesized is that land use change is 
a local phenomenon and its effect is likely to decrease significantly with increasing spatial scale. 
On the contrary, climate impact may be consistent in both small and large scales. According to 
a meta-analysis of hydrological responses at various spatial scales using 13 catchments with 
sizes ranging from 10 to 1,000,000 km² on the Loess Plateau, the significance and roles of land 
use and climate were found to be different across varying spatial scale. Specifically, land cover 
is a decisive factor in controlling water fluxes (e.g., streamflow) on a small scale, while the 
climate impact is more obvious on a large scale. For the Loess Plateau region, the impact of 
land use decreases rapidly at a spatial scale of 2,000 – 3,000 km². This implies that at a 
watershed size < 2,000 km², the significance of land use to changes in streamflow appears more 
evident than climate. As the importance of land use diminishes with increasing spatial scale, 
climate is becoming the driving force, especially at a watershed size > 6,000 km². This result 
confirms the hypothesis mentioned above.  
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On a small scale (i.e., in the studied Zhifanggou catchment), streamflow is highly correlated 
with water availability (precipitation) and area of different land use types. Yet, on a larger scale, 
this relationship resulted in an underestimation of streamflow. This means other processes 
might become dominant on a large spatial scale. Based on an interrelation analysis, energy 
supply (potential evapotranspiration) is another major driving force of change in streamflow at 
the site studied.  Apart from energy supply, soil characteristics and topography are considered 
to be important, since they could affect the portioning of precipitation into evapotranspiration 
and streamflow. Approaches that consider the relationship between decisive factors such as 
water availability, energy supply, and land cover and catchment characteristics (soil and 
topography) can adequately depict the response of water supply services (streamflow) to a 
possible change in land use. With respect to predictive ability, this relationship is able to 
reproduce more accurate annual streamflow than other well-structured statistical models (e.g., 
Budyko’s frameworks), in consideration of historical land use, climate, and river discharge 
records. Sensitivity analysis demonstrated that streamflow is most sensitive to catchment 
characteristic parameters, which is in line with the results of other published works. Given a 
comparable change of precipitation and potential evapotranspiration, streamflow is more 
sensitive to precipitation than to potential evapotranspiration. This result indicates that at the 
site studied (under specific soil type and topographical condition), precipitation has more 
decisive influence in ensuring water supply services. 
Question 4: Is SWAT capable of simulating water supply (streamflow) in a watershed? If yes, 
what are the adaptive conservation measures to ensure water supply services under climate 
change? 
This question is addressed in Chapter 6. SWAT has been successfully implemented in 
widespread areas, including China. Recently, a few studies reported on the suitability of SWAT 
application in the Loess Plateau area. The model calibration was not satisfactory in the site 
studied. The problem was that the simulated river discharge/streamflow at the outlet of the 
watershed was substantially overestimated in contrast to the observed data. The overestimation 
exists in both low flow (baseflow) and high flow (peak flow). A close inspection of the water 
fluxes responsible for water yield revealed that the main overestimation was resulted from 
lateral flow. The simulated lateral flow accounts for 80% of the total streamflow. This is 
impossible for this study site, because the loess deposit reaches more than 50 m in depth at the 
loess part of the watershed and has high saturated conductivity. This means vertical water 
transmission is the main water moving process in soil. In SWAT, lateral flow is calculated 
based on slope length and angle, drainable porosity and volume of water, and saturated 
conductivity. Steep eroded gully (with long and steep slope) with high saturated conductivity 
can lead to considerable lateral flow, according to SWAT. Additionally, construction of terraces 
on steep slopes can effectively prevent overland flow. However, the version of SWAT used in 
this study is unable to consider this effect. Therefore, at the current status quo, the model is 
unable to simulate for adaptive land management measures to ensure water supply services 
under different climate scenarios. In spite of that, the derived statistical relationship for this 
watershed provides evidence that afforestation expansion is likely to cause significant 
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streamflow reduction. This decline is more profound in relatively humid catchments than 
relatively drier catchments in terms of water quantity, by using the dryness index (PET/P) as 
an indicator of climatic condition; but in terms of percentage, the reduction is more critical for 
drier catchments due to more limited water availability. More serious effects are found for 
conversion of slope farmland to terrace. As a result, increase of coverage of grass for reducing 
soil erosion and restriction of construction of terrace and afforestation can more effectively 
ensure water supply services by alleviating the adverse effects on streamflow. 
8.2. Implications and Outlook 
The implemented soil conservation policy against soil erosion has made great achievements in 
reducing soil erosion on the Loess Plateau, the dryland area of NW China. However, water 
scarcity and droughts are the main constraints in this region. In the present policy other 
ecosystem services (e.g., water supply services at local and regional scale) were not taken into 
account. Sustainable development in dryland region requires sustainable provision of natural 
resources including water resources. Overprotection of one resource (e.g., soil) or over-pursuit 
of one ecosystem service may result in a substantial decline in the provision of other ecosystem 
services (i.e., water supply) or even disservices and thus hampers the regional development. 
For improving the adaptive land management policy in the Loess Plateau region, a systematic 
cross-sectoral view of the multiple services of managed ecosystems at different spatial scales 
under changing environments need to be considered. In a water-limited environment, such as 
the Loess Plateau, multiple ecosystem services need to be balanced based on a complex and 
holistic understanding of the interdependencies among various ecosystem services that might 
change under alternative land management.  
As shown and discussed in this dissertation, changes in land use (with respect to land cover and 
form) for soil conservation is a major driving force for hydrological services deterioration in 
the dryland area of NW China, but there still is a limited understanding of possible 
consequences of land use change on water fluxes and hydrological processes, predominantly 
due to insufficient knowledge of general mechanisms about their interactions over time and 
space. Even more critical is that, there is even less knowledge about the threshold considering 
that it might be difficult to recover the services or disservices once a threshold is passed. 
Scientists should be aware of the importance and great urgency of developing more 
transdisciplinary land management policies for mitigating the trade-offs between soil 
management and water supply. A foremost step towards such policy development is to identify 
the major interlinkages between land use, soil and water ecosystems, as well as their interactions 
with other ecosystems. Without this knowledge we may miss the chance for enhancing 
synergies and increase the risks of unnecessary trade-offs. 
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